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GENERAL ABSTRACT 
Mountainous watersheds throughout the United States are going to change in the future 
due to continued shifts in land use and climate patterns, and it is imperative that scientists 
understand how current systems operate in order to better predict how these regions are going to 
change in the future so that we can better allocate our critical resources. The East River Valley 
(ERV) watershed, a mountainous watershed located near Crested Butte, Colorado within the 
Upper Colorado River Basin is an intensely studied hydrologic and biogeochemical system, 
where localized igneous intrusions have contact metamorphosed Mancos Shale bedrock, 
imparting heterogeneity to an otherwise fairly homogeneous marine shale. This study focuses on 
a) characterizing and parameterizing intrinsic rock properties of the variably metamorphosed 
Mancos Shale bedrock in the ERV in order to reduce watershed scale heterogeneity and assist in 
predictive modeling of hydrobiogeochemical dynamics, b) addressing possible contributions to 
scale-dependent weathering rates by reporting a detailed experimental investigation of the 
microscale network of fluid pathways which drive weathering processes at a watershed scale, 
and c) analyzing whole rock and carbonate isotopic concentrations of the ERV bedrock in order 
to trace carbon and nitrogen movement during contact metamorphism, providing insight into the 
watershed-scale carbon and nitrogen sourcing from bedrock weathering. This study shows that 
by characterizing intrinsic rock properties, we can parameterize heterogeneous rock properties 
across scales to inform predictive environmental models.  
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CHAPTER 1  
 
GENERAL INTRODUCTION 
 
Around the world, essential research is being conducted to characterize how natural and 
anthropogenic factors contribute to global and local shifts in coupled Earth systems. This 
understanding is critical to design and inform predictive models which assess the long-term 
nature of environmental systems and their susceptibility to local and regional perturbations. As 
these perturbations increase with a rise in population and changing climate, communities and 
legislatures will have to improve water and energy resource management to sustain long-term 
usage. The research presented here is one part of this effort which aims to determine the spatial 
variability of surface and subsurface geologic components and their effect on watershed-scale 
environmental systems.  
In order to provide a scaled down approach to this nation-wide concern, the Watershed 
Function Scientific Focus Area (SFA) was developed through funding from the Department of 
Energy. This integrated network of scientists uses a “system-of-systems” approach to quantify 
variously scaled processes across watershed systems and contribute to the 4-dimensional nature 
of solute mobility. The SFA studies synthesized subsystems within watersheds to characterize 
interactions between physical, chemical, and biological earth surface processes and their 
combined responses to human and natural perturbations.  
While integrated studies throughout the SFA aim to predict how climate change and 
anthropogenic perturbations have impacted watershed functions from a hydrological and 
biogeochemical perspective, this project will contribute to the dynamic SFA research network by 
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providing critical geological context for on-going research. Investigating the operation of 
modern-day land surface systems and defining their evolutionary connection to ancient geologic 
systems will result in a more comprehensive understanding of biogeochemical processes and 
future implications for water resource management. 
Methods, datasets, and interpretations are presented in following three chapters: 
1. Reducing watershed scale heterogeneity through statistical clustering of intrinsic 
rock properties 
2. Nano- and microscale responses to contact metamorphism in bedrock shale 
3. Variations in essential rock-derived nutrients from a bedrock shale across a 
metamorphic gradient 
At the conclusion of this study, the goal is to provide an integrated set of parameters 
which will inform local and global environmental prediction models utilized by other earth 
scientists in the collaborative effort of forecasting the evolution of Earth surface systems.  
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CHAPTER 2  
 
REDUCING WATERSHED SCALE HETEROGENEITY THROUGH STATISTICAL 
CLUSTERING OF INTRINSIC ROCK PROPERTIES 
 
2.1 Abstract 
Watersheds throughout the United States are going to change in the future due to 
continued shifts in land use and climate patterns, and scientists need to understand how current 
systems operate in order to better predict how these regions are going to change in the future so 
that we can better allocate our critical resources. Mountainous watersheds, in particular, are 
uniquely sensitive to these changes due to shifts in form of precipitation from snowfall to 
rainfall, decrease of snowpack, initiation of snowmelt earlier in the season, and a complex 
coupling of vegetation, topography, and climate. The East River Valley watershed, a 
mountainous watershed located near Crested Butte, Colorado within the Upper Colorado River 
Basin is an intensely studied hydrologic and biogeochemical system, where localized igneous 
intrusions have contact metamorphosed the Mancos Shale bedrock. The Watershed Function 
Scientific Focus Area (SFA), a multi-disciplinary project funded by the Department of Energy, 
uses the East River Valley as a grounding site for studies revolving around biogeochemical 
dynamics across varying scales. In order to aid in the SFA’s mission of understanding how 
mountainous watersheds retain and release water, nutrients, carbon, and metals, this study 
focuses on characterizing and parameterizing intrinsic rock properties of the variably 
metamorphosed Mancos Shale bedrock in the East River Valley in order to reduce watershed 
scale heterogeneity and assist in predictive modeling of hydrobiogeochemical dynamics.  
4 
 
The data presented here shows that these samples statistically cluster into three groups 
(A, B, and C - with a possible fourth additional cluster), that are primarily controlled by three 
principal components as determined by principal component analyses. The samples in each 
statistical cluster of rock properties spatially cluster within the watershed, tied to their proximity 
to igneous intrusions in the valley. The most consistent indication of metamorphism within the 
datasets of shale bedrock in the watershed is the presence of augite associated with over-matured 
organic carbons. Additionally, samples that were identified as the most thermally altered in the 
watershed cluster statistically together and are in closer proximity to the river segments that are 
more channelized and have higher slope gradients and radii of curvature. From this, we infer that 
rock properties developed through thermal alteration of contact metamorphism controls channel 
morphology and river downcutting. 
2.2 Introduction 
Changes in climate and land use propagate through near surface environments as 
hydrological and geochemical processes respond to changes in precipitation amount and timing, 
vegetation communities, and atmospheric deposition. Water resources is one important area 
where predictive capabilities can help populations plan for and adjust to potential changes in 
water quality and quantity under future climate and land-use scenarios. For example, numerical 
models have shown that climate change will be on average wetter and warmer than the current 
climate, impacting the frequency, magnitude and spatial distribution of precipitation across the 
world (e.g. IPCC Assessment Report, 2007; NOAA; CSIRO; GISS) and models suggest that 
these changes will affect recharge patterns for different geologic settings (Markovich et al., 
2016; Pribulick et al., 2016) possibly lowering water tables, increasing metal concentrations 
(Manning et al., 2013) and shifting biogeochemical dynamics. In the western US, streams and 
5 
 
rivers are important sources of municipal and agricultural water, thus understanding how 
watersheds operate is an important component to predicting changes in water quantity and 
quality (Alford, 1985).  Mountainous watersheds, which supply much of the surface water in the 
western US, are more sensitive to these changes due to shifts in the form of precipitation from 
snowfall to rainfall, associated decrease in persistent snowpack, earlier onset of snowmelt and 
vegetation growth, and the intricate coupling of vegetation, topography, climate, and 
geomorphologic processes (McCabe and Hay, 1995; Loukas, et al., 2004; Carroll et al., 2019; 
Melton, 1957; Goudie, 2016).  
 Given the complexity of the near surface environment, numerical simulation is a 
powerful tool used to translate changes in precipitation patterns to changes in water resources by 
linking changes in water delivery to the subsurface with geochemical and hydrological processes 
that control the quantity and quality of water that ends up in streams and rivers (Mills et al., 
2007; Li, 2019; Steefel et al., 2015; Li et al., 2017a,b; Hubbard et al., 2018; Winnick et al., 2017; 
Bao et al., 2017; Maher, 2011; Brantley et al., 2017; Beisman et al., 2015).  As we learn more 
about controls on hydrological and geochemical processes in the subsurface, heterogeneity in 
rock properties and flow pathways is becoming increasingly important to capture in simulations 
(Jung and Navarre-Sitchler, 2018; Anbeek, 1993; Atchley et al., 2014; Li et al., 2006; Lee et al., 
2007; Li et al., 2008; Lüttge and Arvidson, 2008; Malmström et al., 2000; Navarre-Sitchler et al., 
2011; Pandey and Rajaram, 2016; Rajaram and Pandey, 2016; Goddéring et al., 2019). However, 
chemical heterogeneity within natural systems occurs over scales from pores to watersheds and 
is often simplified to homogeneous average parameters to reduce model complexity and 
computational expense (McDonnell et al., 2007).    
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One way to parameterize heterogeneity in reactive transport models without large 
increases in computational expense - a limiting factor in accurate model predictions (e.g. Sassen 
et al., 2012; Zhang et al., 2013; Battiato et al., 2011; Leal et al., 2016), is to map correlated rock 
properties in a watershed and define averaged upscaled parameters that vary spatially (e.g. 
porosity and surface area). Here we evaluate the potential of using statistical correlation of rock 
properties to define spatial distributions of averaged parameters in a mountain-headwaters, shale-
hosted watershed with an overprint of contact metamorphism that generates spatially varying 
lithology in southwestern Colorado, USA. Future data model integration can use these upscaled 
parameters to incorporate a degree of heterogeneity while still maintaining computational 
efficiency. 
The East River Valley (ERV) watershed, located near Crested Butte, Colorado, is an 
intensely studied watershed within the upper Colorado River Basin. The Upper Colorado River 
Basin supplies municipal water to more than 1 in 10 Americans, irrigation water and nutrients to 
5.5 million+ acres of land and supports more than 4,200 megawatts of electrical generating 
capacity (Bureau of Reclamation, 2012). Studies conducted in the ERV are a part of the 
Department of Energy-funded Watershed Function Scientific Focus Area and aim to constrain 
uncertainty related to hydrobiogeochemical dynamics variations through climate and land use 
changes (Hubbard et al., 2018). Articles of work from this consortium include quantification of 
transport and distribution of metal and nutrient cycling in floodplains (e.g. Dwivedi et al., 2017; 
Dwivedi et al., 2018; Fox et al., 2017), developing machine-learning approaches to build 
molecular distribution maps of shale particle surfaces to improve models of real-time fluid 
interactions within nanoporous shale rocks (Hao et al., 2018),  and linking weathering rates to 
geobiologic controls (Winnick and Maher, 2018).  
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In this research we a) define variations in rock properties across the watershed and 
identify indicators of metamorphism, b) statistically cluster rock samples in the watershed based 
on extensive characterization, and c) map statistical clusters to geomorphic properties of the East 
River channel that suggest rock property control on river morphology.   
2.2.1 Geologic Template 
The Mancos Shale is an offshore to lower shoreface heterolithic marine mudrock 
formation which was deposited in the Late Cretaceous (~Cenomanian to Early Campanian, 100.5 
– 80 Ma) period within the Western Interior Seaway (Figure 2.1; Johnson, 2003; Kirschbaum, 
2003). Kauffman (1977) suggests that much of the Mancos Shale represents deposition in deep, 
quiet water, low-energy environments (~200-300 m deep) during transgressions in the Western 
Interior Seaway, with pulses of regression and/or progradation. It is likely that the Mancos in the 
East River catchment area was near the shallower end of this depth range (toward the lower 
shoreface), due to regular intervals of continuous and conformable sand lenses and beds 
extending 10s of meters laterally within silt-rich mudrocks. This depth estimation, however, is 
only preliminary, due to lack of stratigraphic constraint in the ERV. Throughout the valley, there 
are large (2-3 m) channel incisions of fine to medium grained sandy deposits, but most of these 
incisions are highly cemented with carbonate material. Calcite and dolomite are pervasive 
throughout Mancos Shale samples in the ERV. These channels are interpreted as a limestone 
formation (Fort Hayes) within the Mancos Shale, but spatial adjacency to igneous intrusions and 
lack of discernable fossils in the valley complicate this interpretation. The Mancos Shale in the 
ERV is mapped as ‘undifferentiated’ due to highly interbedded stratigraphy, but this study 
samples the heterogeneity in depositional facies, and though the data shows spatial variability, 
contact metamorphic signatures overprint the variations in depositional lithology. 
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In the ERV, multiple igneous bodies intruded through the Mancos Shale and surrounding units 
throughout the Oligocene. Emplacement temperatures of the intrusive bodies were determined to 
be >500°C, and alteration of the surrounding host rock was pervasive (Vanderwilt, 1937; 
Cunningham, 1976). Local and regional shifts in thermal maturity within sedimentary shale 
systems can impart significant variation in chemical and physical rock properties, such as pore-
network morphology, mineralogy, organic carbon content, and solute release potential (e.g. 
Colman, 1986; Horton et al., 1999, Miller and Drever, 1977; Reynolds and Johnson, 1972; Chen 
and Xiao, 2014; Pommer and Milliken, 2015). Even slight variations in these properties on a 
watershed scale can strongly impact surface and shallow subsurface processes that drive soil 
formation, landscape evolution, and bioavailability of nutrients (e.g. Lin, 2010; Van Breeman 
and Buurman, 2002; and Allen et al., 2001). The ability to map and quantify the effects of this 
heterogeneity on critical zone processes is hindered by the complex coupling of the multi-scale 
nature of rock properties, geochemical signatures, and hydrological processes. The effects of 
lithologic variation of variably metamorphosed shales on critical zone processes in the ERV are 
currently unknown, but this study isolates key rock properties that provide constraints on some 
of the variability of the heterolithic bedrock. 
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Figure 2.1. Geologic map of the East River Valley Watershed. Shows Maroon Formation 
(Permian/Pennsylvanian), Gothic Formation (Pennsylvanian), Morrison Formation (Jurassic), 
Dakota Formation (Cretaceous), Fort Hayes Limestone (Cretaceous), Mancos Shale 
(Cretaceous), Igneous Intrusions (Tertiary), and Surficial Deposits (Quaternary). Mancos Shale 
is predominant bedrock. Modified from Snowmass Mountain Quadrangle, Maroon Bells 
Quadrangle, Oh-Be-Joyful Quadrangle, Gothic Quadrangle, Mt. Axtell Quadrangle, and Crested 
Butte Quadrangle. 
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2.3 Methodology 
A wide range of geochemical and geological techniques were used to answer this study’s 
question: how do lithologic changes within a variably metamorphosed shale affect its rock 
properties? Rock properties, such as porosity, surface area, total organic carbon, cation exchange 
capacity, and mineralogy are integral pieces to reactive transport modeling (RTM), a modeling 
technique used to describe chemical reactions occurring along a flow path. Each physical and 
chemical parameter of both bedrock and associated water variably controls the rate and/or 
chemistry of rock-derived solute release tied to water-rock interactions. Both quantitative and 
qualitative analyses contributed to the interpretation of rock properties and their variations across 
the watershed. Duplicates, replicates, and blanks were analyzed throughout various methods for 
error determination. 
Sample Collection 
A total of 102 samples were collected from outcroppings of the Mancos Shale throughout 
the ERV watershed over three field campaigns conducted from 2016 to 2018 (Figure 2.2). 
Outcrops were selected in the field based on the presence of the Mancos Shale and samples were 
selected to ensure coverage across a gradient of thermal maturities by collecting samples at 
varying distances from multiple igneous intrusions within the watershed. In some cases, 
weathered material was collected to evaluate the weathered product of the parent rock, but in 
general at least 4 cm of weathered material was removed from the outer surface either by 
breaking or scraping off with a hammer before the bedrock sample was collected. Most outcrops 
were found either along banks of the East River or along a road. In some areas multiple samples 
were collected in the same location across the available stratigraphic section to capture not only 
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changes throughout the watershed but also within the Mancos shale through depositional 
changes.  
 
Figure 2.2. Hill shade map of East River Valley with sample locations  (black points), 
representations of the East and Slate Rivers, and outlined East River Valley Watershed (blue 
shading). 
Cation Exchange Capacity 
Aliquots of each sample were crushed to <0.2 mm grain size with an agate ball mill. A 
BaCl2 extraction of the powdered samples was performed to quantify the exchangeable fraction 
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of cations (Hendershot and Duquette, 1986; Li et al., 1995; Tessier et al., 1979). Extracted 
solutions were analyzed for major cation concentrations on an Inductively Coupled Plasma – 
Atomic Emission Spectrometer (ICP-AES) at the Colorado School of Mines. Cation exchange 
capacity was calculated as the normalized sum of mass of major nutrients: calcium, magnesium, 
sodium, and potassium per kg of rock. 
Specific Surface Area 
To analyze for specific surface area, whole rock samples were hand-crushed to <40 mesh 
powder so as not to induce oblique pressure and increased surface area (Kuila and Prasad, 
2013a,b). These powders were then analyzed with the Brunauer-Emmett-Teller (BET) nitrogen 
gas-adsorption method (Brunauer et al., 1938) on two different Micromeritics instruments: an 
ASAP 2020 and a Gemini VII 2390. Specific surface area was modeled from the absorption data 
using the BJH method in the Micromeritics software. 
X-Ray Diffraction 
Mineralogy of the samples was determined using standard x-ray diffraction (XRD) 
procedures on whole rock samples (Brindley and Brown, 1980; Moore and Reynolds, 1989). 
Samples were crushed to <0.2 mm grain size and random powder mounts were analyzed from 4° 
to 65° 2θ at a continuous scan rate of 2.00°/minute. MDI Jade software was used to calculate 
semi-quantitative mineralogy for all samples. 
Pyrolysis 
Forty-five samples were analyzed for organic carbon content and maturity through 
pyrolysis. Samples were heated in the absence of oxygen and subsequently combusted to 
measure hydrocarbon and carbon dioxide release through standard Rock-Eval methods (Figure 
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2.2; Tissot and Welte, 2013). Results from these analyses also include total organic carbon 
concentrations. 
 
Figure 2.3. Schematic illustration of carbon release through pyrolysis in a shale rock sample 
(modified from Tissot and Welte, 2013). 
 
Source rock analysis (SRA) is a procedure commonly used in petroleum geology to 
determine typical reservoir characteristics such as TOC and thermal maturity (Tmax) of shales in 
order to determine the extraction potential of the organic matter in place (Peters, 1986). This 
method was used here to evaluate the thermal maturity of collected samples and to analyze for 
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TOC in some samples. SRA measures the amount of carbon released upon anoxic combustion of 
one gram of organic-rich rocks during steady temperature increases. Carbon is released at 
different temperatures throughout this process due to thermal decomposition of different classes 
of carbon compounds that vary as a function of organic matter source and thermal maturation 
(Al-Areeq, 2018). Here, a measured parameter known as the S1 value (mg HC/g rock), which 
represents the amount of extractable volatile hydrocarbons (i.e. biogenic methane) generated 
through diagenetic processes (Tissot and Welte, 2013), was calculated from CO2 released at 
temperatures <296°C. The release of CO2 at temperatures from 296-604°C can be attributed to 
maturing of kerogen in the sample and is termed the S2 value (mg HC/g rock). During the 
increase of temperatures from 296-604°C, kerogen present in the sample undergoes catagenesis, 
in which carbon is converted into long-chain hydrocarbons which are extractable under 
petroleum recovery techniques. This value is known as the “kerogen yield” or hydrocarbon 
generative potential. The temperature at which this part of the curve reaches a peak or plateau is 
known as Tmax, or the temperature at which the maximum amount of carbon is released from 
thermal decomposition of the kerogen. The term S3 represents the amount of trapped CO2 which 
evolved during the catagenesis of the kerogen and is measured in mg CO2/g rock. This value is 
the third peak that appears during the cooling process of the analyses. The Hydrogen Index (HI) 
is calculated as S2/TOC*100, or the amount of pyrolyzable organics from one gram of organic 
carbon. This allows for normalization of released carbon across samples with variable total 
organic carbon. 
Total Organic Carbon and Nitrogen 
Standard protocols were used to measure C and N concentrations by elemental analysis 
on an Elementar Vario Select TOC machine equipped with a solid sample conversion kit and 
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autosampler at the USGS Earth Systems Biogeochemistry Laboratory. Total carbon analyses 
were first performed by combustion of whole samples. Organic carbon concentrations were 
determined from dissolution of inorganic component and reanalysis.  
River Morphology Characteristics 
Sinuosity 
All geomorphic properties were calculated using Google Earth Pro (Figure 2.3). 
Sinuosity is a dimensionless quantity that describes the ratio of the actual path length of a river to 
the straight path length between two points along the river. Curvilinear distances (actual path 
length) of the river were determined by measuring path lengths of 300 m along the East River 
from Emerald Lake to one path length beyond the last collected sample. For each path length, a 
preset curvilinear length of 300 m was used. Sinuosity was then determined in the following 
manner: 
𝑆 = 	
!!
!"
	 	 	 	 	 (2.1)	
where S is sinuosity, Dc is curvilinear distance in m, and DE is Euclidean distance in m. 
Errors were estimated by conducting multiple measurements (n=5) of randomly selected path 
lengths (n=15).   
Slope Gradient 
Similar to sinuosity, river slope gradient is a dimensionless quantity that describes the 
rate of change of slope along the river path. Over each segment of river length (i.e. curvilinear 
length), river slope gradient was calculated from: 
𝐺 = 	
"#$%#	"#&'
!(
							 			 	 	 							(2.2)	
where G is river slope gradient, Emax is highest elevation, and Emin is lowest elevation. 
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Radius of Curvature and Channel Width 
Radii of curvature (Rc) and channel widths (w) of meanders were measured in 
accordance with the Natural Resources Conservation Service’s Channel Alignment and 
Variability Design standards. Meanders were chosen if they had a distinct channel bend, and 
radius of curvature was less than 300 m. Two-hundred and three meanders were measured for 
curvature.  
 
Figure 2.4. Diagram illustrating measurement points along river path. 
Unconfined Compressive Strength 
An Equotip Bambino micro-rebound hammer was used to measure rock strength on 74 
outcrop samples. This tool reports a unitless Leeb’s Hardness (HLD) value, which is a proxy for 
unconfined compressive strength (UCS, MPa) (Verwaal and Mulder, 1993; Aoki and Matsukura, 
2008; Lee et al., 2014). UCS was calculated from HLD using Equation 3 (Brooks et al., 2015): 
𝑈𝐶𝑆 = 	6.83 ∗ 10#% 		 ∗ 	𝐻𝐿𝐷&.(	 	 	 	 (2.3)	
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UCS is the maximum axial compressive stress that a sample of material can withstand 
under unconfined, or open system, conditions. Typical values for shales range between 5-25 
MPa, low grade metamorphic rocks range from 25-50 MPa, and well cemented sandstones and 
moderately metamorphosed rocks range from 50-100 MPa (Kansake et al., 2016). Procedures for 
data collection followed ISRM standards for determination of rock hardness (Aydin, 2008; 
Ulusay, 2014).  
Statistical Methods 
The statistical program, R, was used to interpret relationships between datasets collected 
in this study using cross plots, principal component analyses (PCAs), and hierarchical statistical 
clustering.  
Cross plots were used to analyze outliers in the dataset, which were defined as samples 
falling more than two standard deviations outside of the average value, and these outliers were 
removed prior to additional statistical analyses. For each cross plot, a linear model of r-squared 
values and p-values were calculated to determine statistical significance. The r-squared and p-
values were calculated using the Pearson correlation method.  
After removal of the outliers, the data were analyzed with a linear principal component 
analysis (PCA), where the proportion of the variance explained by each principal component was 
determined with a Scree Plot (Appendix A). A summary of the PCA was used to determine 
which variables were controlling the direction of each eigenvector (Appendix B).   
Clustering analyses were performed using Ward hierarchical clustering on a Euclidean 
distance matrix from the datasets. A dendrogram highlighted three main cluster branches to 
determine similarities between individual sample locations.  
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2.4 Results 
The outlined methods were combined to determine changes in rock properties across the 
watershed. Data were collected where possible for the 102 bedrock samples and along the river 
channel from Emerald Lake to a segment of river just past Mount Crested Butte (Figure 2.4). 
Resulting chemical (cation exchange capacity, mineralogy, source rock analyses, total nitrogen, 
and inorganic and organic carbon concentrations) and physical (geomorphology, surface area, 
porosity, and unconfined compressive strength) data are reported in Appendix C. 
Cation Exchange Capacity 
Across the valley, cation exchange capacity (CEC) values averaged 13.64 meq/100g but 
had a large range of from 2.11 to 35.43 meq/100g (Figure 2.5). Calcium concentrations in the 
cation exchange pool were higher than other solutes, with an average of 28.31 mg/100 g rock (± 
20.13 mg/100 g rock) (Table 2.2). In comparison, potassium concentrations averaged 3.64 
mg/100 g rock (± 1.57 mg/100 g rock), magnesium concentrations ranged from 0.23 – 18.41 
mg/100 g rock with an average of 2.34 mg/100 g rock (± 2.58 gm/L), and sodium concentrations 
ranged from 0.07 – 4.92 mg/100 g rock with an average of 0.52 mg/100 g rock (± 0.54 mg/100 g 
rock). Samples with total CEC values that fell significantly higher or lower than average (outside 
one standard deviation) grouped together spatially in the watershed. For example, samples ERM-
002-003, 011-012, and 028-031 with relatively low CEC values are located near the southeast 
end of the valley, but samples with elevated CEC values relative to the average (e.g. ERM-051, 
053-055, 057-064, and 019) are located to the west. CEC values correlated strongly to calcium 
values of the cation exchange pool across the watershed, with an r2 value of 0.96. 
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Figure 2.5. Boxplots of Cation Exchange Capacity (a) and Major Cation concentrations (B).  
 
Mineralogy 
Mineralogy determined from XRD data was summarized into seven mineralogic 
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Prehnite, Carbonate (calcite, dolomite), Pyrite, Augite, and Clay (chlorite, kaolinite, illite) 
(Figure 2.6). Quartz weight percent ranged from 1.5 – 66.4%, with an average and standard 
deviation of 30.64% ± 14.54%. Feldspar weight percent had a range similar to quartz, 0 – 70.5%, 
but a lower average of 10.03% ± 10.64%. Mica weight percent were much lower than either 
quartz or feldspar, the maximum at 20%, with an average of 5.73% ± 4.2%. Carbonate weight 
percent across the watershed had the highest range of 0 – 86.9%, with 19 samples containing 
>50% carbonate minerals and several samples containing <1 % (ERM-038, 049, 076, 098) or 0% 
(ERM-089, 090, 092) carbonate minerals. Pyrite was present in most samples in small 
abundances (0 – 2.7%), with one exception: ERM-069 contains 29.9% pyrite, likely a 
contribution of several large pyrite crystals within a vein in this sample which can be seen in 
 
Figure 2.6. Boxplot of mineralogy throughout the ERV, with weight percentages of major 
mineral groups.  
hand sample. Seventy-five of the 95 samples analyzed for mineralogy contained augite, ranging 
up to 8.2%. Clay percentages ranged from 1 – 45.2% in all samples with the exception of ERM-
069 – the same sample which had anomalously high percentages of pyrite. 
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Thermal Maturity of Mancos Shale 
Thirty-three of the 45 samples did not contain significant amounts of kerogen as 
measured by source-rock analyses (>0.2mg HC/g rock) to calculate Tmax because evidence 
shows that the organic carbon in these samples underwent previous high-temperature alteration, 
initiating the metagenesis process (thermal alteration higher than catagenesis, oftentimes low-
moderate grade metamorphism (Tissot and Welte, 2013)). For the samples analyzed here, over-
maturation is attributed to high-temperature thermal alteration from localized contact 
metamorphism (Peters, 1986; Peters and Cassa, 1994).  
The 12 samples with S2 values higher than 0.2 mg HC/g rock (ERM-023, 031, 036, 050-
053, 076-078, 100, and 102) were used to calculate a Tmax value (Figure 2.7). For these 
samples, Tmax ranged from 379 to 476 °C and total organic carbon (TOC) values range from 
0.98 – 2.29 mg HC/g rock, similar to TOC values for these samples determined by other 
methods.  
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Figure 2.7. Boxplot of source rock analysis data. Figure illustrates a) S1, S2, and S3 values, b) 
Hydrogen Indices, and c) Tmax values. 
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Nitrogen and Carbon Concentrations 
The maximum nitrogen (N) concentration measured in all samples was 0.16%, with an 
average of 0.08% ± 0.03%, though N was not detected in several samples (ERM-039-040 & 089-
090) (Table 2.5). Total inorganic carbon in the samples ranged from <0.1% - 15.1%, with an 
average of 2.343% ± 3.011%. The large variation in inorganic carbon concentrations is likely 
due to the contribution of carbonate minerals in some samples due to depositional environment 
of the Mancos Shale. TOC concentrations ranged from 0.13% - 7.82% with an average of 2.76% 
± 1.87%.  
 
Figure 2.8. Boxplot of carbon (a) and nitrogen concentrations (b).  
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Geomorphology  
The morphology of the East River varied throughout the valley and was quantified by 
sinuosity, river slope gradient, and radius of curvature (Appendix D). The geomorphologic 
characteristics of the East River were characterized in order to tie changes in these parameters to 
variations in intrinsic rock characteristics. These geomorphologic proxies for physical and 
chemical susceptibility to weathering were mapped from Emerald Lake (at the northwestern 
most section of the study area) to the floodplain directly east of the city of Mount Crested Butte. 
Sinuosity, River Slope Gradient, and Radius of Curvature 
East River sinuosity from Emerald Lake to southeast of Mount Crested Butte varies from 
highly sinuous (> 3.0) to channelized (< 1.5) sections (Figure 2.9a). Spatially, the most 
channelized river segments (highlighted in black) are in the northwest section near Emerald 
Lake, with the most sinuous river segments (highlighted in light blue) further down river, 
towards the southeast. 
Gradient of the river trace, a unitless measurement, ranges from 0 to 0.13 with an average 
of 0.02 across the same 300 m segments where sinuosity was measured (Figure 2.9b). Larger 
gradients (> 0.04, in black) aligned with areas where river sinuosity was low, or more 
channelized, and smaller gradients (< 0.04, dark blue to light blue) aligned with areas where river 
sinuosity was high (Figure 2.9d).  
Where radii of curvature of the river were larger (>90 m), the river was generally more 
channelized (Figure 2.9c). Smaller radii of curvature indicated more meandering river paths. 
These measurements were taken at a higher resolution than sinuosity and slope along many parts 
of the river, primarily measuring the size of each meander bend.  
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Figure 2.9. Geomorphologic measurements of the East River: Sinuosity (a), Slope Gradient (b), 
and Radius of Curvature (c). Plot illustration of correlation between sinuosity and slope gradient 
(d). 
 
Surface Area and Porosity 
Surface area measured by gas adsorption was highest in sample ERM-098 (23.02 m2/g) 
and lowest in sample ERM-092 (0.89 m2/g) (Figure 2.10). Average rock surface area throughout 
the watershed was 8.88 m2/g. Porosity calculated from pore volume analyzed through the BET 
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method was highest in ERM-076 (7.4%) and lowest in ERM-089 and -020 (1.4%) with an 
average of 3.8%. 
 
Figure 2.10. Boxplots of specific surface area (a) and porosity (b) calculated from BET 
measurements. 
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values ranged from 6 – 119 MPa, with an average of 24 MPa. Samples collected near the center 
of the watershed (ERM-039-049, minus ERM-048) had high values (21-78 MPa), whereas 
samples taken closer to Mount Crested Butte (ERM-061-075) had much lower values (6-23 
MPa).  
 
 
Figure 2.11. Boxplot of unconfined compressive strength values in the ERV. 
 
Statistical Analyses 
Cross plots were generated from the following datasets: Quartz wt%, Feldspar wt%, Mica 
wt%, Carbonate wt%, Pyrite wt%, Mafics wt%, Clay wt%, Total Nitrogen % (TN), Total 
Inorganic Carbon % (TIC), Total Organic Carbon % (TOC), Cation Exchange Capacity (CEC), 
Unconfined Compressive Strength (UCS), Surface Area (SSA), and Porosity (Figure 2.12). 
Twenty-eight of the cross plots displayed linear relationships with an r2 value greater or equal to 
0.2 and all of these correlated cross plots showed a correlation of statistical significance (p-value 
< 0.01). The highest correlations among mineralogy pairs were Quartz v Mica (r2=0.25), Quartz 
v Carbonate (r2=0.71), Quartz v Mafics (r2=0.39), Mica v Carbonate (r2=0.46), Mica v Mafics 
25
50
75
100
U
n
c
o
n
fi
n
e
d
 C
o
m
p
re
s
s
iv
e
 S
tr
e
n
g
th
 (
M
P
a
)
Unconfined Compressive Strength
28 
 
(r2=0.33), Clay v Carbonate (r2=0.33), and Carbonate v Mafics (r2=0.45). Carbonate also 
correlated strongly to TIC (r2=0.87).  
 
Figure 2.12. Graphical and correlative parameters of cross plots for 14 datasets. Red text 
indicates r2 values >0.2 and/or p-values <0.01. 
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Pyrite (r2=0.27), and Carbonate (r2=0.47). It is important to note that where CEC values were 
high or low relative to the rest of the samples, the trend followed closely with carbonate 
percentages. Porosity correlated positively to SSA (r2=0.58), TN (r2=0.34), and Clay (r2=0.44) 
and negatively to UCS (r2=0.37). 
 
Figure 2.13 Heat map of cross plots for 14 datasets. Image highlights positive versus negative 
dataset correlations. Red colors indicate negative correlation, blue colors indicate positive 
correlation, where saturation of color indicates strength of correlation. 
 
 
Based on the principal component analysis, 76.7% of the variation within the datasets 
could be attributed to three principal components (Figure 2.14, Appendix B). PC1 was strongly 
dominated by mineralogy, CEC, and carbon concentrations. PC2 was strongly dominated by 
Clay, TN, SSA, Porosity, and UCS. PC 3 was dominated by Pyrite, Mafics, and TOC. 
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Figure 2.14. Principal component analyses. PC1 and PC2 control 67.6% of the variance within 
the dataset. Adding PC3, increases the percent of variance controlled to 76.7%. 
 
 
Hierarchical clustering using Ward’s minimum variance method produced three 
significant cluster groups, which will be referred to as Clusters A (pink), B (green), and C (blue) 
(Figure 2.15). Nineteen sample locations fell into Cluster A, with 36 each in Clusters B and C. 
Cluster A exhibited a higher dissimilarity from both Clusters B and C. A heat map cross plot of 
these clusters show that Cluster C samples are the most internally similar, followed by Cluster B 
and then Cluster A (Figure 2.16). 
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Figure 2.15. Cluster dendrogram of samples within the East River Valley. Samples were split 
into three clusters, identified as Cluster A (pink, n=19), Cluster B (green, n=36), and Cluster C 
(blue, n=36).   
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Figure 2.16. Heat map of sample clusters cross plots. Cool colors (blues) represent strong 
correlations between samples based on datasets, warm colors (red and orange) represent weak 
correlations between samples. Correlation determined from Ward’s minimum variance method. 
Note that the correlations are symmetric across the diagonal midline for the inter-cluster 
comparisons.  
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2.5 Discussion 
The goals of this study were to a) identify an indicator of metamorphism in the ERV 
watershed, b) determine key changes in rock properties across varying lithologies within the 
watershed, and c) synthesize rock properties with their level of alteration in order to predict 
where these alterations control landform evolution processes. By mapping predicted rock 
properties, watershed modelers will have access to more accurate spatial inputs, thus developing 
more precise predictions of watershed changes through land use evolution. 
Metamorphic Indicators 
From the data provided, we were able to identify two parameters that provided likely 
indicators of thermal alteration (i.e. contact metamorphism): presence of augite in the sample 
mineralogy and underdeveloped HI values (indicative of overmatured organic matter) from 
pyrolysis.   
Augite 
Augite, a pyroxene solid solution mineral group ((Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6) formed 
during mafic melt crystallization or high temperature alteration of a calcium/sodium-rich 
aluminosilicate rock, forms at temperatures from 800°C – 1100°C (Reynard et al., 2006). Lower 
temperatures (535°C-600°C) of pyroxene crystallization can occur if pressures reach 1 kbar 
during the metamorphic process (Bryant, 1979). Presence of this mineral group is common in 
contact metamorphism of calcareous shales, producing a calc-silicate skarn within the highest 
temperature aureoles surrounding the igneous intrusion (Newberry, 1987; Baghban et al., 2015). 
The thermal chemical reaction of dolomite plus quartz to diopside plus carbon dioxide has been 
shown in multiple locations (Einaudi et al., 1981; Meinert, 1992; Mokhtari et al., 2019):   
𝐶𝑎𝑀𝑔(𝐶𝑂))&(+,-,./01) + 2	𝑆𝑖𝑂&(345678) → 𝐶𝑎𝑀𝑔𝑆𝑖&𝑂9(54:;7<) + 2𝐶𝑂&  
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Of the 95 samples with mineralogical data, 63 samples contained a 0.5% or higher component of 
augite. These samples are spatially proximal to known igneous intrusions in the ERV.  
Hydrogen Index 
While only samples with high S2 values (>0.2 mg HC/g rock) were used to calculate 
Tmax, S2 values <0.2 mg HC/g rock can contain different information regarding thermal 
maturity. SRA only heats samples to a temperature of 608°C, a temperature lower than 
anticipated from a contact metamorphism. If samples were heated to T > 608°C during 
metamorphism we would expect samples with low S2 values to potentially also be ones that are 
metamorphosed because any pyrolyzable organic carbon would have decomposed during 
metamorphism (Burnham and Braun, 1990). When Hydrogen Index (HI = S2/TOC*100) was 
compared to augite percent from XRD (Figure 2.17), all samples with <20 mg HC/g TOC 
contain augite in concentrations higher than the MDI Jade software’s detection limit (1.5%) of 
XRD patterns. Similarly, all samples with >20 mg HC/g TOC have augite percentages below the 
detection limit.  
 
Figure 2.17. Cross plot of Hydrogen Index (HI) values and Augite mineral percentages. S2 was 
normalized to TOC values in order to remove sample heterogeneity in organic carbon 
concentrations. 
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Petrography 
Two samples were selected to examine the rock fabric and textural relationships between 
minerals and hydrocarbons: one with high augite and low HI and one with low augite and high 
HI. These two samples were collected 6 km apart in lower half of the watershed. ERM-047 has 
5.5% augite and a low HI value (12 mg HC/g TOC), ERM-050 has 1.3% augite and a high HI 
value (30 mg HC/g rock).  
Petrographic imaging was used to look at the fabric and determine key differences 
(Figure 2.18). Both samples are made up primarily of quartz, feldspars, micas, carbonates, 
augite, and clays, in varying percentages determined from XRD. ERM-050 and ERM-047 had 
similar percentages of feldspar (7.7% and 6.9%, respectively) and mica (5.6 and 6.6%, 
respectively), but ERM-050 was more silica-rich and carbonate-poor (39.2% and 20.6%) than  
 
Figure 2.18. Petrographic imaging of ERM-047 (a & b) and ERM-050 (c & d). Image c shows a 
plane polarized light image of bitumen rind on the outer shell of a globigerinid foram. Image b 
shows the same image in cross-polarized light. Image c shows the reddish hue of the organic 
matter in ERM-050, lending interpretation to early-stage kerogen. Image d is the cross-polarized 
image of c. 
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ERM-047 (13.6% and 49.4%). Due to the authigenic nature of the augite, it is likely that the 
augite crystals are very fine grained, as we were unable to pick out individual augite crystals, but 
the matrix in both samples were pervasive.   
The visual nature of the organic matter differed between the two samples. In ERM-047, 
the more thermally altered sample, the organic matter (TOC = 2.7%) appeared as a coating 
around individual grains and stark black in plane polarized light (Fig. 2.12, a), with a bright 
outline in reflected light. In ERM-050, less thermally altered sample, the organic matter (TOC = 
1.2%) is dispersed among the matrix and reddish in hue indicating less-altered kerogen (Fig. 12.2 
c & d). 
Evolution of Rock Properties 
Hierarchical clustering of the datasets identifies three distinct groups based on chemical 
and physical properties. The following discussion summarizes each of those clusters and 
identifies how variations in the properties across clusters tie into their lithologic signature and 
associated alterations due to thermal effects. Each cluster (A, B and C) have been mapped out 
spatially (Figure 2.19) to visually compare locations of each datapoint and where they fall within 
the cluster. 
Cluster A 
Samples in Cluster A have an average mineralogy of quartz = 11.6%, feldspar = 12.5%, 
mica = 1.3%, carbonate = 60.6%, <1% pyrite, 3.3% mafics, and 8.4% clay minerals. Average 
TOC was 2.4%, CEC was 21.22 meq/100g, and UCS was 51.51 MPa. Too few datapoints in this 
cluster have measured surface area to calculate an average with statistical significance. Cluster A 
has the highest level of internal dissimilarity among samples (Figure 2.16). When plotted 
spatially, 14 of the 19 samples cluster to the northeast of Gothic Mountain. The five remaining  
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Figure 2.19. Clusters mapped across the East River Valley Watershed. Cluster A is denoted with 
pink squares, Cluster B with green stars, and Cluster C with blue circles.  
 
 
samples (ERM-021, 022, 052, 054, 055) do not cluster spatially within the watershed and have 
some parameters that are very different from the average characteristics of Cluster A. They are 
also the most dissimilar from each other. ERM-021 is a sample with high carbonate percentage 
(58.4%) due to large fossil fragments present in the rock fabric. Relative to other samples in this 
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cluster, this sample has a lower cation exchange capacity (10.87 meq/100g), higher TOC 
(7.82%), and much higher clay percentage (23.4%). ERM-022 is a sample taken very near an 
igneous dike, with several mineralized fractures and a high percentage of feldspars (29%), but 
otherwise has a lower carbonate weight percent (41.6%), higher quartz weight percent (17.1%), 
and high TOC (6.9%). ERM-052 has an anomalously high feldspar percent (67.1%) and UCS 
value (118.9 MPa), low carbonate percent (10.1%) and clay percent (0.53%) and CEC (91.31 
meq/100g). ERM-054 and 055 plot near one another and have similar aberrations from the 
average values. They both have low feldspar percentages (5.7% and 3.4%, respectively) and 
TOC (0.6% for both), high mafic percentages (6.3% and 6.2%, respectively) and total nitrogen 
(0.14% and 0.16%, respectively). If we remove these samples, averages of parameters in Cluster 
A change and the standard deviations are lower, indicating that these five samples fall outside of 
the descriptive parameters of this cluster. 
Cluster B 
 Thirty-six samples were grouped into Cluster B, with an average HI value of 6 mg 
HC/g TOC, quartz percentage of 27.6%, feldspar percent of 13%, mica percent of 4.7%, 
carbonate percent of 34%, pyrite of 1.2%, mafics percent of 2.2%, clay percent of 23.9%, total 
nitrogen of 0.12%, TOC of 2.73%, CEC of 18.07 meq/100g, UCS of 17.66 MPa, an average 
surface area of 9.1 m2/g, and a porosity of 4%. Thirty-two of the 36 samples spatially cluster 
along the central corridor of the East River Valley between White Rock Mountain (to the east) 
and Gothic and Snodgrass Mountains (to the west). This location of the samples likely indicate 
that these samples have been thermally altered due to their proximity to the intrusions that 
comprise the nearby peaks.  
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The remaining four samples are not as different from the average than the outliers in 
Cluster A. ERM-018 has a lower CEC (10.51 meq/100g) and much lower UCS (6.95 MPa) than 
average for this cluster. In contrast, this sample has a much higher surface area (13.95 m2/g) and 
TOC (7.31%) than many of the other samples. ERM-019 has a lower TN (0.05%) than expected 
from the cluster average and slightly higher TOC (4.69%) and much higher UCS (58.2 MPa). 
ERM-047 has lower quartz (13.6%), TN (0.03%), CEC (8.15 meq/100g), and lower surface area 
(2.32 m2/g) than the average cluster values, but higher mafics (5.5%) and UCS (34.91 MPa). The 
only parameter of ERM-096 that fell outside of one standard deviation of the average of cluster 
B was its carbonate percentage (18.8%).   
Cluster C 
Samples that fell in Cluster C spatially clustered at the northwestern and southeastern 
edges of the sample area (except ERM-014 and ERM-020). Average HI values were 20 mg HC/g 
TOC, quartz = 44.1%, feldspar = 11.2%, mica = 9.1%, carbonate = 11.2%, mafic = 0.3%, clay = 
23.9%, total nitrogen = 0.1%, TOC = 1.82%, CEC = 6.59 meq/100g, UCS = 18.29 MPa, and 
average surface area = 8.67 m2/g. ERM-014 falls within error to the average on all of these 
parameters, except clay percent, which is 32.2%. ERM-020 has low quartz (25.7%) and surface 
area (1.19 m2/g), high carbonate (30.1%), mafics (2.9%), UCS (59.76 MPa) and TOC (5.43%) 
relative to the average of samples in this cluster.  
Cluster Comparisons 
Cluster A was the most dissimilar cluster (both intra and inter-clusters) than Clusters B or 
C based on Euclidian distances on the dendrogram and the heat map (Figures 2.15 and 2.16). On 
average, samples from Cluster A had the highest feldspar, carbonate, mafic, CEC, and UCS 
values of the three clusters. The high percentage of mafic and carbonate minerals with high 
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unconfined compressive strength values combined with the lowest surface area and clay 
percentages in these samples leads to the conclusion that this cluster represents the most 
metamorphosed grouping of the samples. This conclusion is supported by the fact that these 
samples have the closest proximity to the igneous intrusions.  
Samples in the northwest (ERM-089-092, 022, and 038) of the study area should be 
identified as highly metamorphosed due to their proximity to known igneous intrusions in the 
ERV in addition to high temperature emplacements to the northwest of our study area (Gaskill, 
1991). During the statistical clustering, however, these samples were spread across Clusters A 
(ERM-022), B (ERM-091), and C (ERM-020, -038, -039, -089, -090, -092, and -098). Pyrolysis 
data from one of these six samples (ERM-038) has a low HI (4.5 mg HC/g TOC), suggesting a 
metagenetic overprint on the carbon signature. Of the six samples, only two samples (ERM-091 
and -022) have concentrations of augite higher than the detection limit (5.6% and 2.0%, 
respectively). The lack of augite in the other four samples, however, can be attributed to the lack 
of primary dolomite (all four samples contain 0% carbonate minerals), which is required to 
complete the chemical reaction of augite precipitation in contact metamorphism environments. It 
is likely that primary mineral composition controls the clustering of these samples and that they 
should be considered as an independent cluster from the other samples. 
In contrast, Cluster B and Cluster C have many average values (clay, total nitrogen, total 
organic carbon, unconfined compressive strength, and average surface area) that are statistically 
similar. Differences between these two clusters included quartz and carbonate percentages, as 
well as cation exchange capacity, which are possibly linked to detrital mineralogy. Differences 
that may be tied to the contact aureole include their average HI and mafic percentages values. 
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Cluster B has a lower average HI value (6 mg HC/g TOC) and higher overall value of mafic 
minerals (2.2%) than Cluster C (20 mg HC/g TOC and 0.3%, respectively). 
From statistical clustering performed on data analyses presented here, we interpret 
Cluster A as the most highly metamorphosed samples (with internal dissimilarities due to detrital 
variations that have been thermally matured), with Cluster B moderately metamorphosed, and 
Cluster C as primary Mancos Shale lithology. With the exception of the samples in the 
northwest, these three clusters map spatially, where proximity to known igneous intrusions 
decreases with decreasing evidence of alteration. The northwest samples, which we have 
identified as “Cluster X”, show evidence of thermal alteration beyond cluster A, suggesting that 
this grouping of samples is highly metamorphosed. 
Lithologic Control on Landform Processes 
One of the goals of this study was to evaluate the potential controls of lithology as driven 
by contact metamorphism on river morphology. Clusters were mapped on top of the river 
sinuosity, gradient, and slope analysis to evaluate spatial correlations between the datasets 
(Figure 2.20). Generally, the East River showed the lowest river sinuosity (<1.5) in river 
segments nearest Cluster B, with moderate sinuosity values (~1.5-2.5) in river segments near 
Cluster C (Figure 2.20a). Cluster A shows ranges in the sinuosity spanning <1.5 to 3.0, 
mimicking the internal dissimilarities seen in Cluster A’s datasets. 
42 
 
 
Figure 2.20. Geomorphologic measurements of the East River: Sinuosity (a), Slope Gradient (b), 
and Radius of Curvature (c) with overlain clusters: Cluster A (pink squares), Cluster B (green 
stars), and Cluster C (blue circles). 
 
River slope gradient near samples which fell in Clusters A and C showed consistently 
low slopes, with moderate slope gradients near Cluster B samples (Figure 2.20b). The highest 
slope gradients (>0.4) are concentrated in the northwest, near the samples which provided 
conflicting data for clustering. Largest radii of curvature (>90 m) are concentrated near Cluster B 
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samples and the northwest end of the watershed once again. Radii near Cluster A do not show 
any general trend in size, but Cluster C samples concentrate near moderate radii (~30-90 m), 
except in the northwest. The smallest radii of curvature (<30m) are interspersed throughout the 
valley, connecting stretches of river that show large radii of curvature. 
2.6 Conclusions 
The data presented here shows that these samples statistically cluster into three groups 
(A, B, and C - with an interpreted fourth “cluster”, denoted as Cluster X), that are primarily 
controlled by three principal components as determined by the PCAs. The first principal 
component is dominated by mineralogy, CEC, and carbon concentrations. The second principal 
component was strongly dominated by clay minerals, TN, SSA, Porosity, and UCS. These two 
principal components explain 67.6% of the variance within the datasets. The third principal 
component was dominated by pyrite, mafic minerals, and TOC and explains an additional 9.1% 
of the variance within the datasets. The samples in each statistical cluster also spatially cluster 
within the watershed, tied to their proximity to igneous intrusions in the valley. 
We have determined that the best indication of metamorphism in the watershed is the 
presence of augite associated with over-matured organic carbons. It is critical to note, however, 
that variations in the detrital lithology of the Mancos Shale due to depositional environment may 
lead to lack of carbonate minerals, which is thermodynamically prohibitive to the forward 
reaction of dolomite to pyroxene. In the case of this carbonate-depleted variation in lithology, a 
secondary indicator (possibly HI) could be used to determine level of alteration. 
Samples that were identified as thermally altered in the watershed cluster statistically 
together and are in closer proximity to the river segments that are more channelized and have 
higher slope gradients and radii of curvature. From this, we infer that rock properties developed 
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through thermal alteration of contact metamorphism controls channel morphology and river 
downcutting. 
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CHAPTER 3 
 
NANO- AND MICROSCALE RESPONSES TO CONTACT METAMORPHISM  
IN A BEDROCK SHALE 
 
3.1 Abstract 
Weathering processes are often investigated at the macroscopic scale due to their direct 
impact on watershed nutrient and hydrologic cycling. Fundamental understanding of fluid 
transport and chemical reactions, however, begins at the particle-fluid interface, which is 
oftentimes at smaller scales than typical methods explore. Linking field-scale earth surface 
processes to microscale lithologic properties will allow for the reduction of discrepancies seen 
between field versus lab-based weathering rates. Here we address possible contributions to scale-
dependent weathering rates by reporting a detailed experimental investigation of the microscale 
network of fluid pathways which drive weathering processes at a watershed scale.  
In this study, we used multiple methods to characterize the nano- and microscopic pore 
network structure of variably contact metamorphosed Mancos Shale in the East River Valley 
watershed in order to provide insight on how changes in these bedrock features are reflected on 
the macroscopic scale within the watershed. Neutron scattering experiments allow for visual and 
quantitative representation of pore morphology, connectivity of pore networks, and changes in 
fluid pathways by bedding plane orientation. Spatial hierarchical clustering of samples across the 
East River Valley watershed is consistent with the hypothesis that as thermal alteration increases, 
total and connected porosity and specific surface area decrease. These decreases will affect the 
rates of chemical and physical weathering, as lower surface areas reduce potential for chemical 
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reactivity and disconnected pore networks decrease the rates of fluid infiltration. Results 
presented here will contribute to the increased accuracy of weathering models within the East 
River Valley watershed and can provide insight to predictable changes in the microstructure of 
shales in similar montane watersheds. 
3.2 Introduction 
Weathering processes are often investigated at the macroscopic scale (e.g. soil profiles, 
mass transport, denudation) due to their direct impact on watershed nutrient and hydrologic 
cycling. Fundamental understanding of fluid transport and chemical reactions, however, begins 
at the particle-fluid interface (Brantley, 2003; Hao et al., 2018; Williams, 2007; Hellmann et al., 
2012; Emmanuel and Ague, 2011; Lee and Parsons, 1995; Molins et al., 2014; Levenson and 
Emmanuel, 2013), which is oftentimes at smaller scales than typical methods explore. Linking 
field-scale earth surface processes to microscale lithologic networks is an area of research that 
has undergone intense study (Velbel, 1993; Maher et al., 2009; Moore et al., 2012; Navarre-
Sitchler and Brantley, 2007; Li et al., 2008; Pacheco and Alencoão, 2006; Meile and Tuncay, 
2006). Determining the correlation between these two scales will allow for the reduction of 
discrepancies between field versus lab-based weathering rates (Kump et al., 2000; Swoboda-
Colberg and Drever, 1993; Malmström et al., 2000; Banwart et al., 2004; Drever et al., 1994; Lai 
et al., 2015; White and Brantley, 2003; Steefel et al., 2015).  
Understanding the behavior of a field-scale functional unit system, such as a watershed, 
in addition to the microscale behavior of components within the watershed is essential in 
developing better correlations and upscaling weathering processes (Hubbard et al., 2018; Li et 
al., 2006; Li et al., 2007; Raoof et al., 2010; Deng et al., 2018; Liu et al., 2015; ). Providing 
detailed analyses on both field and micro-scale systems requires an integrative approach to 
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parameterizing rock properties and their intrinsic behaviors (Molins et al., 2012). Here we 
address possible contributions to scale-dependent weathering rates by reporting a detailed 
experimental investigation of the microscale network of fluid pathways which drive weathering 
processes at a watershed scale. This study evaluates geologically tied variations in nano- and 
microporous systems within the context of spatially averaged rock properties in a mountain-
headwaters, shale-hosted watershed with a spatially varying overprint of contact metamorphism 
in southwestern Colorado, USA. Thermal alteration that results from contact metamorphism of 
shale bedrock, as seen in the East River Valley watershed near Crested Butte, Colorado, can 
control many of the resistivity, flow and capillary-pressure characteristics of the rock (Muller 
and McCauley, 1992; Rother et al., 2007; Anovitz et al., 2009), and in order to fully understand 
fluid movement in the subsurface of this scientifically significant watershed, characterization of 
the microstructure across the metamorphic gradient is critical.   
In this study, we used multiple methods, including petrography, scanning electron 
microscopy, neutron scattering, and gas adsorption, to characterize the nano- and microscopic 
pore network structure of variably contact metamorphosed Mancos Shale in the East River 
Valley watershed in order to provide insight on how changes in these bedrock features are 
reflected on the macroscopic scale within the watershed. These linkages allow us to better model 
fluid transport and fundamental reaction rates of the watershed system. 
3.3 Methodology 
Several methods were used in this study to determine pore network architecture on the 
microscopic scale. Imaging of the pore-scale and associated grain assemblage provided 
qualitative assessments of structure, while quantitative measurements such as porosity and 
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specific surface area allowed for numerical comparisons between samples and across the 
watershed.  
Hierarchical clustering was previously performed on samples included in this study in 
order to determine spatial correlation of intrinsic rock properties of East River Valley samples 
and proximity to igneous intrusions in the watershed (refer to Chapter 2). Though three clusters 
were identified (A, B, and C), it was determined that there was likely a fourth cluster (X) that 
was unaccounted for which represented the most highly contact metamorphosed samples. 
Evidence suggests that these samples were misclustered due to their primary depositional 
mineralogy and are likely representative of both a shift in stratigraphy within the Mancos Shale 
Formation and high level of thermal alteration due to localized temperature increases. Samples 
included in this study believed to be misclustered, renamed Cluster X, include: ERM-020, -038, -
039, -089, and -098, and plot more closely to Cluster A, the most thermally altered samples. 
Samples throughout this study are described within the context of these four clusters. 
Petrography 
Twenty thin sections from outcrops across the study area were described and interpreted. 
Thin sections were prepared using standard techniques at Colorado School of Mines. 
Petrographic analyses were performed with transmitted and reflected light on a Zeiss Axioscope 
5 with an Axiocam 208 Color camera. 
Carbonates were described using the Dunham (1962) classifications. Descriptive 
modifiers are added for grain-types, sedimentary structures, diagenetic overprints, and other 
textural observations. Packstones are described as mud dominated or grain dominated, based on 
the absence or presence of intergranular cements and porosity (Lucia, 1995). Siliciclastics are 
classified by grain size and given descriptive modifiers based on grain assemblages, color, 
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sedimentary structures, and authigenic components. Organic matter rich mudrocks are classified 
by their grain size (claystone, or siltstone), or as wackestones if they have peloidal fabrics, and 
given descriptive modifiers.  
Scanning Electron Microscopy (SEM) 
Scanning Election Microscopy (SEM) imaging was performed to characterize 
components, pores, and petrogenesis on three thin sections and were imaged with a TESCAN 
MIRA3 LMH field emission-scanning electron microscope utilizing back-scattered electron 
(BSE), secondary electron (SE), and energy-dispersive X-ray spectroscopy (EDS) detectors. 
Images were acquired at accelerating voltages of 15 kV and at beam intensities of 6 and 7. 
Working distances ranged from 5 to 10 mm. A thin conductive carbon coating was applied to 
three thin sections and three broken surface samples to reduce charging and increase SEM image 
quality. 
Surface Area Measurements (BET Method) 
To analyze for specific surface area, 22 whole rock samples were hand-crushed to <40 
mesh powder so as not to induce oblique pressure and increased surface area (Kuila and Prasad, 
2013a,b). These powders were then analyzed with the Brunauer-Emmett-Teller (BET) nitrogen 
gas-adsorption method (Brunauer et al., 1938) on two different Micromeritics instruments: an 
ASAP 2020 and a Gemini VII 2390. Specific surface area was modeled from the absorption data 
using the BJH method in the Micromeritics software. 
Neutron Scattering 
Small angle (SANS) and ultra-small angle neutron scattering (USANS) were performed 
on 32 samples to characterize pore-size distribution and pore connectivity from the nanometer to 
micrometer scale (Anovitz and Cole, 2015; Gu and Mildner, 2018; Mildner et al., 1986a; Hall et 
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al., 1986; Radlinski et al., 2000). As neutrons from the incident beam pass through sample cells, 
the neutrons scatter from interactions at the atomic scale. These interactions include chemical 
and density variations that scatter the beam at angles from the incident angle, which are defined 
by the size of variations and intensities proportional to the number of variations of a given size 
and scattering length density (SLD) contrast of the variations. In rocks, minerals have very 
similar SLD values (~3 – 5 x10-6 Å-2) when compared to the contrast between minerals and pores 
where SLD is zero; thus, rocks can be approximated as a two-phase material with those phases 
being minerals and pores (Kahle et al., 2004; Radlinski et al., 2006; Anovitz et al., 2009). 
Neutron scattering data can be interpreted to quantify the architecture of pore networks in rock 
samples as length scales from 1 nm to ~30 µm (i.e. Navarre-Sitchler et al., 2013; Gu et al., 2015; 
Clarkson et al., 2013; Bahadur et al., 2014; Hall et al., 1983; King et al., 2015; Ruppert et al., 
2013; Bahadur et al., 2015). Statistical models of scattering from fractal and polydisperse hard-
sphere systems are used to calculate pore volume, surface area and roughness, and pore size 
distribution (Radlinski, 2006).  
Samples of Mancos Shale were cut and polished into 150 µm thick sections and epoxied 
onto quartz slides according to Anovitz et al., (2009) and Jin et al. (2011) in order to prevent 
multiple scattering.  Samples were prepared from 29 rock samples, with three samples prepared 
for analysis both parallel and perpendicular to bedding (ERM-018, 067, 072) for a total of 32 
separate sections for standard SANS and USANS analyses. For the three samples with two 
orientations to bedding, analyses collected with the neutron beam aligned parallel to the bedding 
planes are denoted as -P1. Where the neutron beam aligned perpendicular to bedding, analyses 
are denoted with -P2.   
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Fifteen of the 32 samples underwent a second experiment, where they were saturated 
with contrast matched fluids and re-analyzed on both SANS and USANS. When data are 
collected from dry and contrast matched experiments, the contrast between the scattering profiles 
provides information about pore connectivity (Mildner et al., 1986; Radlinski, 2006; 
Bazilevskaya et al., 2013; Anovitz and Cole, 2015). Sample cells for contrast matching analyses 
were developed to provide an enclosed cavity for contrast matching fluid (Figure 3.1). Our 
experiments included fluids with a 69.5/30.5% D2O/H2O (SLD=4.25x10-6Å-2) composition. 
Since neutrons see this isotopic variation differently, as the beam passes through the sample, we 
can calibrate a mixture leveraging the heavier density of the D2O (as opposed to the H2O) to 
match the SLD of the sample. Samples were equilibrated with this fluid for >24 h and reanalyzed 
using the instrument parameters previously mentioned. This experiment was done in order to 
infiltrate connected pore networks with the solution, ultimately masking connected pore space 
and allowing the remaining unconnected pores to transmit the beam unobstructed (Figure 3.2). 
Comparing a sample with and without the contrast matching fluid provides a method to separate 
effective (connected) porosity from total porosity.  
 
Figure 3.1. Schematic sample cell used to contain contrast matching fluid. 
4.23 mm
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150 µm (thick)
50.8 mm
2
5
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m
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Figure 3.2. Schematic image of contrast matching experiments. 
 
Small angle neutron scattering (SANS) 
SANS measurements were conducted on the NGB 30m spectrometer at the National 
Institute of Standards and Technology’s Center for Neutron Research (NCNR) (Gaithersburg, 
MD, USA) (Figure 3.3). Each sample cell was mounted on a cadmium plate with a ¼ inch 
aperture mask for the incident beam. The neutron wavelength (λ) was set to 8.4 Å. Scattering 
intensity (I) (cm−1) was measured at sample-to-detector distances of 1.33, 4.0, and 13.1 m. The 
range for measured pore sizes on the SANS is ~1 – 700 nm (Q-values: 0.01 nm-1 to 8.5 nm-1). 
 
 
 
 
Rock Sample Open Pore Space D2O/H2O Connected Pore Space
Air Cell
Contrast Matched Cell
(actual) (what the neutron beam sees)
53 
 
 
Figure 3.3. SANS neutron scattering experiment schematic (modified from the NGB 30m SANS 
instrument schematic at the NIST Center for Neutron Research). 
 
Ultra-small angle neutron scattering (USANS) 
USANS data were collected on the BT5 USANS instrument at the Center for High 
Resolution Neutron Scattering (CHRNS), a national user facility jointly funded by NCNR and 
NSF (Figure 3.4). Sample cells were placed on a five-slot gadolinium sample holder with a ¼ 
inch mask plate. Data were corrected for background and the normalized USANS data were 
desmeared and merged with the SANS data according to CHRNS protocol (Kline, 2006). The 
range for measured pore sizes on the USANS is ~0.1 – 20 µm (Q-values: 0.0003 nm-1 to 0.1 nm-
1). The overlap in Q-values between SANS and USANS allowed for integration datasets into a 
single curve after corrections were made. 
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Figure 3.4. USANS neutron scattering experiment schematic (modified from the BT5 USANS 
instrument schematic at the CHRNS). 
 
 
Neutron scattering data analyses 
Raw data were processed according to standard methods: empty cell correction, 
background scattering correction, transmission correction, and normalization to absolute 
intensities (Kline, 2006). IGOR Pro 8 software was used to integrate overlapping Q-value data 
and eliminate incoherent scattering collected from both SANS and USANS experiments. The 
ultimate curve determined after these corrections provides information regarding the pore-
network architecture as a function of scattering intensity from mineral/pore interfaces. Each 
mineral (specified by chemical formula) has an intrinsic SLD which follows the equation: 
𝑆𝐿𝐷 = 	
∑ >!&
'
&)*
?#
      (3.1) 
where bci is the bound coherent scattering length of ith of n atoms in a molecule with molecular 
volume vm (Sears, 1992; May et al., 1982; Glinka, 2011) (Table 3.1). 
Certain assumptions, such as end-member formulas and grouping of minerals within 
major mineral groups, were made to simplify mineral formulas during calculations. Empirical 
chemical formulas and density data were retrieved from webmineral.com. Scattering length 
Collimator
Premonochromator
PG (002)
Si (220)
Si (220)
Monochromator
Analyzer
Detector
S
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densities were derived for the following minerals and cross-referenced with the online NCNR 
SLD calculator: quartz, plagioclase, orthoclase, calcite, dolomite, chlorite, augite, muscovite, 
biotite, kaolinite, illite, pyrite, and organic matter (Table 3.2).  
An SLD was calculated for each sample based on the relative volume percentages of 
different minerals, determined from weight percentages of minerals from x-ray diffraction 
(XRD) data previously reported (Appendix C). SLD values for the samples presented here range 
from 3.18 – 4.77x10-6 Å-2. In the assumed two phase system, fractal scaling laws can be used to 
interpret pore network geometry in rock neutron scattering data that displays a power-law 
relationship between I(Q) (scattering intensity, cm-1) and Q (scattering vector, Å-1) with an 
exponent of -4 to -2 over an order of magnitude of Q. Modeling these pore networks as 
approximately spherical shapes allows for calculations of pore size and surface area distributions 
using the IRENA macros within the IGOR Pro 8 software (Kline, 2006; Ilavsky and Jemian, 
2009). Using a Total Non-Negative Least Squares model in the software, we are able to evaluate 
size distribution from a particle/pore volume probability distribution function (Ilavsky and 
Jemian, 2009; IRENA Software). We evaluated each sample from 30 to 200,000 Å pore 
diameter, with 100 particle/pore size bins, and a 0.0176 flat background (Anovitz and Cole, 
2015). Inputs for the model varied by sample and included slopes calculated from the low-Q 
value Guinier approximation of the I(Q) v Q data (Teixeira and Bellissent-Funel, 1999) and 
scattering length density contrast (SLD2), as   
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Table 3.1. Elemental properties used in SLD calculations. 
 
 
 
Table 3.2. Mineral formula and density values (taken from webmineral.com) used to calculate 
mineral SLD values. Organic matter values and empirical formula from Sun et al., 2018. 
 
 
 
described above. Porod plots (log I(Q)*Q4 versus log Q) were developed for each sample to 
determine linearity and define regions of fractal behavior. In certain cases, samples exhibited 
different fractal behaviors across scales, and for these samples, multiple slopes were calculated, 
Atomic Number Element
Atomic Mass
(g/mol)
Bound Coherent 
Scattering Length
(fm)
1 H 1.01 -3.74
5 B 10.81 5.30
6 C 12.01 6.65
8 O 16.00 5.81
9 F 19.00 5.65
11 Na 22.99 3.63
12 Mg 24.31 5.38
13 Al 26.98 3.45
14 Si 28.09 4.15
19 K 39.95 3.67
20 Ca 40.08 4.70
22 Ti 47.90 -3.37
26 Fe 55.85 9.45
Mineral Empirical Chemical Formula
Density
(g/cm
3
)
Scattering Length 
Density (Å
-2
)
Quartz SiO2 2.65 4.19E-06
Plagioclase Na0.5 Ca0.5 Si3 Al O8 2.67 3.95E-06
Orthoclase KAlSi3 O8 2.56 3.65E-06
Calcite CaCO3 2.71 4.69E-06
Dolomite CaMg(CO3)2 2.84 5.40E-06
Chlorite Mg3.75 Fe1.25 Si3 Al2 O10 (OH)8 2.65 3.38E-06
Augite Ca0.9 Na0.1 Mg0.9 Fe0.2 Al0.4 Ti0.1 Si1.9 O6 3.40 4.77E-06
Muscovite KAl3 Si3 O10 (OH)1.8 F0.2 2.82 3.80E-06
Biotite KMg2.5 Fe0.5 AlSi3 O10 (OH)1.75 F0.25 3.09 4.32E-06
Kaolinite Al2 Si2 O5 (OH)4 2.60 3.18E-06
Illite K0.6 (H3O)0.4 Al1.3 Mg0.3 Fe0.1 Si3.5 O10 (OH)2 (H2O) 2.75 3.49E-06
Pyrite FeS2 5.01 3.81E-06
Organic Matter* C57.4 H14.4 O2.7 N 2.26 3.63E-06
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and fractal dimensions were determined. With these assumptions, we model I(Q) versus Q data 
utilizing fractal scaling laws.  
3.4 Results 
Select samples from our suite of neutron scattering datasets were characterized visually 
through microscale imaging. Certain neutron scattering porosity and SSA datasets were also 
selected for additional analysis using gas adsorption methods. These samples span the length of 
the East River Valley watershed (Figure 3.5).  
 
Figure 3.5. Map of the East River Valley watershed. Neutron scattering samples are denoted by 
dataset, where samples with both petrographic and SEM images are denoted with a bullseye, 
samples with petrographic images are denoted with a square, and samples with SEM images are 
denoted with a triangle. Samples with gas adsorption data have a dashed black outline. Samples 
without data in addition to neutron scattering are denoted by a black-filled circle. 
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Petrographic Imaging 
Samples in the study area ranged in concentrations of silica, carbonates, skeletal 
fragments, organic matter and accessory minerals. Images of these samples to illustrate mineral 
distribution, bedding planes, and fracture orientations are included here (Figures 3.6 – 3.9).   
ERM-014 is a bioturbated calcareous peloid siltstone with variable amounts of chert lithic 
fragments. ERM-018 is a bioturbated organic matter-bearing foraminifer peloid wackestone with 
small amounts of silt. These samples (imaged both parallel and perpendicular to bedding planes) 
retained calcite cemented fractures and forams, with the fractures showing two distinct 
orientation planes. The organic matter present in these images shows peloid-hosted bitumen. 
ERM-020 is a fractured bioturbated peloidal foram calcareous claystone with scattered prismatic 
mollusc debris and both benthic and planktic forams. Fractures in this sample are variably calcite 
cemented with some open fracture porosity. ERM-022 is a heavily fractured bioturbated peloid 
foraminifer wackestone with sparse echinoid fragments. Fractures are calcite and Fe-dolomite 
cemented. Sample retains evidence of secondary organic matter, stylolites, and twinned calcite. 
ERM-031 is a bioturbated organic matter-bearing calcareous silty very fine-grained 
sandstone. This sample contains sand, silt, micrite, sparse clay, and detrital organic matter. 
ERM-036 is a bioturbated organic matter-bearing peloid foraminifer wackestone. This sample 
has abundant globigerinids, as well as prismatic molluscs and a less prolific presence of benthic 
forams. Forams are calcite cemented, partially dissolved, and stylolitized. ERM-038 is a 
bioturbated organic matter-rich peloidal silty argillaceous wackestone. ERM-039 is a bioturbated 
organic matter-rich silty foraminifer peloid wackestone. Fractures range from carbonate 
cemented and bitumen filled to open porosity. ERM-043 is a bioturbated peloid foraminifer 
wackestone with calcite cemented forams and calcite plus pyrite-filled fractures. 
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ERM-047 is also a bioturbated peloid foraminifer wackestone, with abundant 
globigerinids, as well as prismatic molluscs and a less prolific presence of benthic forams. ERM-
050 is a laminated and bioturbated organic matter-bearing calcareous siltstone. The sample has 
detrital siliciclastic silt, clay, and organic matter with micrite, peloids. ERM-067, 068, and 072 
are bioturbated organic matter-bearing silty foraminifer peloid wackestones. ERM-072 also 
shows partially calcite-cemented forams with scattered pyrite crystals. 
ERM-080 is a laminated organic matter-bearing calcareous peloid foraminifer siltstone. 
This sample is both laminated and bioturbated and has abundant detrital micrite, siliciclastic silt 
and clay, peloids, planktic foraminifers, and organic matter. ERM-081 is a bioturbated organic 
matter-bearing foraminifer peloid argillaceous wackestone. ERM-083 is a bioturbated organic 
matter-bearing argillaceous peloid wackestone. ERM-088 is a bioturbated organic matter- 
bearing argillaceous silty peloid wackestone to mud-dominated packstone. This sample shows 
siliciclastic silt and clay with some very fine-grained quartz sand, micrite, and detrital organic 
matter. Fractures are calcite cemented with scattered pyrite crystals. Microcrystalline silica is 
present throughout the sample. ERM-098 is a bioturbated organic matter-bearing calcareous 
siltstone with scattered fossil fragments. 
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Figure 3.6. Petrographic images for ERM-014, -018-P1, -018-P2, -020, -022. Each sample shows 
characteristic features in plane polarized light (ppl) (left) and cross-polarized light (xpl) (right).  
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Figure 3.7. Petrographic images for ERM-031, -036, -038, -039, -043. Each sample shows 
characteristic features in plane polarized light (ppl) (left) and cross-polarized light (xpl) (right). 
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Figure 3.8. Petrographic images for ERM-047, -050, -067, -068, -072. Each sample shows 
characteristic features in plane polarized light (ppl) (left) and cross-polarized light (xpl) (right). 
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Figure 3.9. Petrographic images for ERM-080, -081, -083, -088, -098. Each sample shows 
characteristic features in plane polarized light (ppl) (left) and cross-polarized light (xpl) (right). 
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SEM Imaging 
We performed SEM imaging on three thin section samples (ERM-018, -036, and -081) 
and three broken surface samples (ERM-020, ERM-084, and ERM-086) collected from different 
locations in the watershed in order to identify visual representations of micro-scale pore 
networks. As identified from the petrographic analyses, ERM-018 is a bioturbated organic 
matter-bearing foraminifer peloid wackestone with minor amounts of silt. This SEM section is 
prepared perpendicular to bedding planes, showing clear fissile parting along bedding planes 
(Figure 3.10).  Calcite cemented fractures and forams are readily present, with fractures showing 
two distinct orientation planes: along bedding planes and perpendicular to bedding. Stylolites are 
present and reflect evidence of pressure dissolution conditions. Organic matter is present in these 
images within inter- and intra-particle porosity. Pyrite framboids are pervasive in this sample, as 
authigenic recrystallization within forams, throughout the matrix, and as altered fragments with 
clay overgrowths. ERM-036 is a bioturbated organic matter-bearing peloid foraminifer 
wackestone. Though petrographic images show abundant globigerinids, prismatic molluscs and 
benthic forams, this micro-scale investigation of the sample highlights coccolithic debris, 
abundant carbonate (present both in detrital and authigenic form). Echinoid shells exhibit 
inclusion porosity and internal fractures. Kerogen fills interparticle porosity. ERM-081 is a 
bioturbated organic matter-bearing foraminifer peloid argillaceous wackestone. This sample 
shows evidence of kerogen stringers with surrounding authigenic clay minerals and detrital silt-
sized grains of quartz and partially altered k-feldspar. Dolomite with ferroan dolomite rims are 
present here, associated with concentrated pyrite framboids, silt, and inter-particle porosity (or 
possible bitumen-filled pore spaces). Both cubic and framboidal pyrite grains are present, with 
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clay particles forming to the rigid pyrite structure. Terrestrial organic matter shows a compacted 
rigid external structure as well as intraparticle porosity. 
 
Figure 3.10. Thin section SEM images of ERM-018, -036, -081. Features denoted with yellow 
labels. 
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Broken surface samples were more difficult to image, due to variable electron charging 
from the rough surfaces (Figure 3.11). ERM-020, a fractured bioturbated peloidal foram 
calcareous claystone, exhibited pervasive interparticle porosity with authigenic clays and 
carbonate. ERM-084 is a bioturbated organic matter-bearing argillaceous peloid wackestone with 
fractured calcite grains and prevalent pyrite framboids. ERM-086 is a bioturbated organic 
matter-bearing calcareous siltstone. 
 
Figure 3.11. Broken surface SEM images of ERM-020, -084, -086. Features denoted with yellow 
labels. 
 
BET Surface Area 
Surface area by nitrogen gas adsorption was measured for 22 of the 29 rock samples to 
compare to data calculated from neutron scattering. Surface area was highest in sample ERM-
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098 (23.02 m2/g) and lowest in sample ERM-020 (1.19 m2/g) (Table 3.3). Average rock surface 
area across these samples was 8.85 m2/g. Porosity calculated from pore volume analyzed through 
the BET method (except ERM-018 and 086) was highest in ERM-014 (5.9%) and lowest in 
ERM-089 and -020 (1.4%) with an average of 3.6%. ERM-018 and 086 were not analyzed for 
the full desorption curve and therefore an accurate pore volume was not measured. 
 
Table 3.3. BET surface area and porosity values for 22 shale samples in the East River Valley 
Watershed. 
 
 
Neutron Scattering 
SLD values from calculations ranged between 3.99x10-6 Å-2 to 4.58x10-6 Å-2 with an 
average of 4.25x10-6 Å-2 (Table 3.4). Each SLD was used to individually calculate the 
corresponding sample’s scattering contrast. This scattering contrast value provided information 
Unique ID Surface Area (m²/g) Porosity
ERM-001 13.73 4.7%
ERM-014 10.47 5.9%
ERM-018 13.95 --
ERM-020 1.19 1.4%
ERM-031 10.89 3.6%
ERM-034 10.22 3.9%
ERM-036 2.19 2.1%
ERM-038 6.26 2.5%
ERM-039 4.56 3.1%
ERM-047 2.32 1.6%
ERM-050 5.97 4.0%
ERM-067 12.12 4.4%
ERM-068 10.15 4.2%
ERM-072 9.33 4.9%
ERM-080 8.80 4.5%
ERM-081 10.85 4.2%
ERM-083 13.07 4.6%
ERM-086 7.71 --
ERM-088 13.84 5.0%
ERM-089 1.99 1.4%
ERM-098 23.02 3.7%
ERM-101 2.11 1.8%
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used to derive the pore size distribution based on the sample I(Q) v Q pattern. Average SLD 
values for clusters A, B, C, and X are 4.44 x10-6 Å-2, 4.30 x10-6 Å-2, 4.11 x10-6 Å-2, and 4.14 x10-
6 Å-2, respectively.  
 
Table 3.4. Calculated SLD for each sample in this study. 
 
 
 
Plots of I(Q) versus Q in log-log space illustrate the power-law relationship between 
scattering vector (Q) and intensity of neutron beam scatterers (I(Q)) (Figures 3.12 – 3.14, 
Appendix E). This power law relationship is related to the fractal dimension of disordered 
systems (Wong and Bray, 1988a,b; Schmidt, 1981). The fractal dimension can be calculated 
from the slope of this correlation, where the slope (m) equals 2 < |m| < 4. For |m| values greater 
than 3, the data exhibits surface fractal behavior, and the surface fractal dimension (Ds) is equal 
to 6 – |m| (Mildner and Hall, 1986; Mildner et al., 1986b; Radlinski, 2006). If the value of |m| is 
less than 3, the sample exhibits mass fractal behavior with mass fractal dimensionality (Dm) = 
|m|. East River samples exhibit fractal dimensionality from 2.04 to 2.99, with nine samples 
Unique.ID
Scattering Length 
Density (Å-2)
Unique.ID
Scattering Length 
Density (Å-2)
ERM-001 4.09E-06 ERM-056 4.34E-06
ERM-014 4.10E-06 ERM-067 4.13E-06
ERM-018 4.35E-06 ERM-068 4.29E-06
ERM-020 4.26E-06 ERM-072 4.32E-06
ERM-022 4.49E-06 ERM-077 4.03E-06
ERM-031 4.14E-06 ERM-078 4.12E-06
ERM-034 4.37E-06 ERM-080 4.41E-06
ERM-036 4.39E-06 ERM-081 4.29E-06
ERM-038 3.99E-06 ERM-083 4.19E-06
ERM-039 4.23E-06 ERM-086 4.46E-06
ERM-043 4.58E-06 ERM-088 4.25E-06
ERM-047 4.29E-06 ERM-089 4.08E-06
ERM-050 4.17E-06 ERM-098 3.99E-06
ERM-052 4.17E-06 ERM-101 4.26E-06
ERM-055 4.48E-06 ------------- --------------
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showing multiple slopes throughout the scattering profile (Table 3.5). Five samples exhibit mass 
fractal behavior (ERM- 034, -038, -039, -050-P1, and -078) and forty-six show surface fractal 
behavior over the majority of the profile. The mass fractal samples span three of the four 
clusters, indicating that there is no correlation between fractal behavior and clustering.  
 
 
Figure 3.12. I(Q) v Q plots for individual sample datasets. 
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Figure 3.13. I(Q) v Q plots for contrast matched experiments.  
 
 
Figure 3.14. I(Q) v Q plots for bedding plane parallel and perpendicular experiments.  
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Table 3.5: Fractal dimensions calculated from slope of power-law fit to I(Q) v. Q data. 
 
 
Unique ID
Slope/s 
(|m|)
Guinier
Approximation
(|m|)
Mass or Surface
Fractal
Fractal Dimension
(Ds or Dm)
ERM-001 3.32 3.32 surface 2.68
ERM-001-cm 3.32 3.32 surface 2.68
ERM-014 3.20 3.20 surface 2.80
ERM-014-cm 3.29 3.29 surface 2.71
ERM-018-P1 2.66; 3.41 3.25 surface 2.66; 2.59
ERM-018-P2 2.04; 2.92; 3.31 3.19 surface 2.04; 2.69; 2.92
ERM-018-P2-cm 2.90; 3.99 3.23 surface 2.90; 2.01
ERM-020 3.10 3.10 surface 2.90
ERM-022 3.15 3.15 surface 2.85
ERM-031 3.22 3.22 surface 2.78
ERM-034 2.92 2.92 mass 2.92
ERM-036 3.04 3.04 surface 2.96
ERM-038 2.80 2.80 mass 2.80
ERM-039 2.92 2.92 mass 2.92
ERM-043 2.60; 3.30 3.19 surface 2.60; 2.70
ERM-043-cm 2.66; 3.59 3.23 surface 2.66; 2.41
ERM-047 3.12 3.12 surface 2.88
ERM-047-cm 3.27 3.27 surface 2.73
ERM-050-P1 2.98 2.98 mass 2.98
ERM-052-P1 2.67; 3.14 3.06 surface 2.67; 2.86
ERM-055 3.06 3.06 surface 2.94
ERM-056 2.51; 3.41 3.11 surface 2.51; 2.59
ERM-056-cm 2.96; 3.55 3.10 surface 2.96; 2.45
ERM-067-P1 3.09 3.09 surface 2.91
ERM-067-P2 3.02 3.02 surface 2.98
ERM-067-P2-cm 3.28 3.28 surface 2.72
ERM-068 3.04 3.04 surface 2.96
ERM-072-P1 2.64; 3.26 3.01 surface 2.64; 2.74
ERM-072-P1-cm 3.07 3.07 surface 2.93
ERM-072-P2 2.74; 3.22 2.99 surface 2.74; 2.78
ERM-072-P2-cm 3.18 3.18 surface 2.82
ERM-077 3.01 3.01 surface 2.99
ERM-078 2.99 2.99 mass 2.99
ERM-080 3.13 3.13 surface 2.87
ERM-080-cm 3.25; 3.88 3.32 surface 2.75; 2.12
ERM-081 3.09 3.09 surface 2.91
ERM-081-cm 3.32 3.32 surface 2.68
ERM-083-P2 2.36; 3.36 3.10 surface 2.36; 2.64
ERM-083-P2-cm 2.47; 3.68 3.14 surface 2.47; 2.32
ERM-086 3.05 3.05 surface 2.95
ERM-088 2.82; 3.38 3.13 surface 2.62; 2.82
ERM-088-cm 2.76; 3.91 3.19 surface 2.76; 2.09
ERM-089 3.19 3.19 surface 2.81
ERM-089-cm 3.21 3.21 surface 2.79
ERM-098 3.07 3.07 surface 2.93
ERM-098-cm 3.09 3.09 surface 2.91
ERM-101 3.15 3.15 surface 2.85
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Similarly, there is no statistical difference between fractal dimension values across 
clusters, where clusters A, B, C, and X have average fractal dimensions of 2.85, 2.86, 2.81, and 
2.86, respectively. Contrast matched experiments showed lower overall intensities for similar q-
values, and several samples retained similar slopes to their non-contrast matched counterpart 
samples (ERM-001, -089, and -098) (Figure 3.13). This similarity in slopes between dry cell and 
contrast matched experiments indicates that there is not a correlation between pore sizes and 
connected porosity in these samples. In the remaining samples which underwent the contrast 
matching experiment, however, we believe that connectivity varies as a function of pore size 
where the slope of the I(Q) v Q curve varies between contrast matched and non-contrast matched 
experiments. An example of these sample variations can be seen in ERM-001 (non-varying 
slope) and ERM-056 (varying slope) (Figure 3.15). ERM-001 has an I(Q) v Q slope of -3.32 in 
both dry cell and contrast matched experiments. ERM-056, however, has low-Q slopes of -2.51 
and -2.96 and high-Q slopes of -3.41 and -3.55 in the dry cell versus contrast matched 
experiments, respectively. The multiple slopes in general indicate that porosity networks behave 
differently at different pore size distributions, and the difference in slopes between the two 
experiments indicate that the pores not only behave differently across the porosity spectrum, but 
also where pores are connected versus isolated. 
 
Figure 3.15. Identical slopes versus varying slopes in contrast matched experiments. 
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The three samples that bedding plane parallel and perpendicular analyses were performed 
on did not show significant variations in fractal dimensionality dependent on bedding plane 
orientation (Figure 3.14). Guinier approximations were calculated as slopes from low-Q values 
in order to provide inputs into the IRENA size distribution program.  
2D imaging of the SANS scattering vector at the 4m sample-to-detector distance 
enhances visual representation of anisotropic patterns in the pore architecture (Figure 3.16). This 
representation allows for the characterization of pore morphology across samples within the 
watershed. Most samples exhibited isotropic scattering patterns, evidence of predominantly 
spheroidal pore shapes in the nano- to micrometer scale range. Several samples, however (ERM-
018-P1, -020, -038, -043, -047, -081, -088, -098) exhibited a range of anisotropic behavior. This 
anisotropic behavior spans clusters A, B, and X. Samples with anisotropic scattering patterns 
showed as little as 61% isotropic behavior (with 100% being fully isotropic – spherical in all 
directions) (Figure 3.16).  
Porosity and specific surface area (SSA) in the samples were interpreted from a Total 
Non-Negative Least Squares method (TNNLS) of the neutron scattering data in the IRENA 
macro within the IGOR program. This method calculates gradients using the least squares 
method. Certain assumptions are made within the program (i.e. d @ 2*pi/Q; and spherical pore 
shape), but results are consistent with similar pore size distribution analyses, such as the 
polydisperse hard sphere model (Radlinski et al., 2004; Hinde, 2004; Anovitz and Cole, 2015; 
Radlinski, 2006; Bahadur et al., 2014; Gu et al., 2015; Gu et al., 2020, etc.). Porosity and SSA 
values calculated from this model average 4.2% and 3.1 m2/g, respectively (Table 3.6). Plots 
retrieved from the IRENA software evaluated cumulative distributions for SSA and porosity by 
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pore sizes (Figures 3.17 and 3.18), allowing for interpretations to be made regarding 
contributions to these parameters over varying pore diameters.  
 
Figure 3.16. Images of 2D SANS scattering vectors. These images illustrate anisotropy of pores 
across rock samples. Color indicates scattering intensity, where purple indicates the highest 
scattering intensity and yellow indicates the lowest scattering intensity.  
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Table 3.6: Porosity and Specific Surface Area (SSA) data from neutron scattering analyses. 
 
 
Unique ID Porosity (%) SSA (m
2
/g)
ERM-001 6.8% 1.6
ERM-001-cm 4.0% 0.5
ERM-014 5.2% 2.8
ERM-014-cm 2.4% 0.3
ERM-018-P1 19.0% 10.0
ERM-018-P2 7.1% 11.0
ERM-018-P2-cm 2.2% 0.4
ERM-020 2.5% 1.7
ERM-022 3.6% 1.9
ERM-031 6.8% 3.1
ERM-034 3.7% 9.2
ERM-036 2.9% 3.0
ERM-038 2.5% 6.8
ERM-039 3.2% 7.2
ERM-043 1.6% 0.7
ERM-043-cm 1.2% 0.2
ERM-047 2.8% 2.0
ERM-047-cm 1.7% 0.2
ERM-050-P1 6.7% 3.4
ERM-052-P1 8.5% 9.3
ERM-055 5.1% 7.5
ERM-056 5.3% 8.5
ERM-056-cm 1.5% 0.4
ERM-067-P1 4.2% 3.5
ERM-067-P2 4.2% 6.9
ERM-067-P2-cm 1.7% 0.3
ERM-068 4.1% 4.0
ERM-072-P1 4.2% 3.9
ERM-072-P1-cm 1.4% 0.5
ERM-072-P2 4.3% 5.0
ERM-072-P2-cm 1.7% 0.4
ERM-077 6.2% 4.9
ERM-078 5.6% 1.7
ERM-080 6.3% 3.3
ERM-080-cm 3.7% 0.5
ERM-081 6.2% 3.6
ERM-081-cm 2.6% 0.4
ERM-083-P2 7.4% 3.9
ERM-083-P2-cm 1.8% 0.4
ERM-086 1.2% 0.5
ERM-088 7.6% 3.5
ERM-088-cm 3.7% 0.8
ERM-089 1.9% 0.6
ERM-089-cm 0.5% 0.1
ERM-098 5.4% 1.7
ERM-098-cm 0.8% 0.3
ERM-101 4.9% 3.9
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Figure 3.17. Pore size distribution graphs for neutron scattering experiments (1/2). 
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Figure 3.18. Pore size distribution graphs for neutron scattering experiments (2/2). 
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3.5 Discussion 
The goal of this study was to identify how the pore networks of East River Mancos Shale 
samples varied on the nano- to micrometer scale. We did this by comparing analytical methods, 
characterizing the connected and non-connected pore architecture and morphology, and 
evaluating bedding plane orientation controls on pore networks spatially throughout the ERV 
watershed. This pore network evaluation characterizes how fluid can move through the system, 
chemically interacting with the rock and contributing mobile solutes to the watershed. As 
chemically reactive surfaces and porosity increases, the contribution of solutes such as calcium, 
nitrogen, and other biologically critical components to the ecologically accessible system can 
also increase. Understanding how the microscale pore structure behaves influences predictions of 
how chemical weathering imprints upon macroscale watershed behaviors. We identify here how 
these micro-characteristics link to watershed processes.  
Gas Adsorption versus Neutron Scattering Methods 
Nitrogen gas adsorption is a well-known method utilized for quantifying surface area of 
particles with specific surface area ranges from 0.1 – 1000 m2/g. One assumption of the method 
is that it all surface area and porosity can be calculated from crushed sample material, 
eliminating differentiation of these values from unconnected versus connected pore networks and 
chemically reactive surfaces. Looking at data from air cell neutron scattering experiments, where 
samples are reflective of in-situ of rock structure, we expect to see similar results of SSA and 
porosity as from nitrogen gas adsorption, as both methods disregard connectivity as a function of 
pore size and particle surface (Table 3.7).  
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Table 3.7. Gas adsorption and neutron scattering analyses for porosity and SSA.  
* indicates samples for which neutron scattering data was averaged across bedding planes. 
 
 
For porosity, we see a fairly strong correlation between values calculated from neutron 
scattering experiments and gas adsorption (Figure 3.19a, Table 3.7). Samples analyzed through 
neutron scattering methods show, on average ~1% higher porosity than from gas adsorption 
methods. This data makes sense due to the neutron beam’s ability to analyze nanopores within 
particles and organic matter that nitrogen molecules may not be able to penetrate. Porosity 
calculated from neutron scattering was only lower than gas adsorption outside the instrument and 
model margin of error in two samples. ERM-014 and ERM-072 porosity values were calculated 
as 0.7% and 0.6% less in neutron scattering methods than in gas adsorption, respectively. From 
pore size distribution analyses, only values greater than 50 nm were considered in this  
Unique ID
N2 Adsorption 
SSA (m
2
/g)
Neutron Scattering
SSA (m
2
/g)
N2 Adsorption 
Porosity (%)
Neutron Scattering
Porosity (%)
ERM-001 13.73 1.6 4.7% 6.8%
ERM-014 10.47 2.8 5.9% 5.2%
ERM-020 1.19 1.7 1.4% 2.5%
ERM-031 10.89 3.1 3.6% 6.8%
ERM-034 10.22 9.2 3.9% 3.7%
ERM-036 2.19 3.0 2.1% 2.9%
ERM-038 6.26 6.8 2.5% 2.5%
ERM-039 4.56 7.2 3.1% 3.2%
ERM-047 2.32 2.0 1.6% 2.8%
ERM-050 5.97 3.4 4.0% 5.5%
ERM-067 * 12.12 5.2 4.4% 4.2%
ERM-068 10.15 4.0 4.2% 4.1%
ERM-072 * 9.33 4.5 4.9% 4.3%
ERM-080 8.80 3.3 4.5% 6.3%
ERM-081 10.85 3.6 4.2% 6.2%
ERM-083 13.07 3.9 4.6% 7.4%
ERM-088 13.84 3.5 5.0% 7.6%
ERM-089 1.99 0.6 1.4% 1.9%
ERM-098 23.02 1.7 3.7% 5.4%
ERM-101 2.11 3.9 1.8% 4.9%
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Figure 3.19. Porosity and SSA methods comparison, where a) cross plot of gas adsorption and 
neutron scattering porosity data and b) cross plot of gas adsorption and neutron scattering SSA 
data. 
 
calculation due to uncertainties in model behavior below these values for this particular sample. 
The higher porosity value from gas adsorption leads to the interpretation that there are significant 
pore contributions from the < 50 nm range, and further adjustments to the IRENA model inputs 
for pore size distributions to improve the interpretations at low pore dimensions for this sample 
would improve the porosity fit. ERM-072 values from the neutron scattering experiments are 
averaged over the two bedding plane directions, but values were consistent (4.2% and 4.3%).  
Specific surface area values from neutron scattering experiments and gas adsorption 
show less correlation than the porosity calculations (Figure 3.19b and Table 3.7). Nine of the 20 
samples for which SSA was calculated from gas adsorption and neutron scattering experiments 
show similar values (± 1.0 m2/g), implying that data collected from neutron scattering and gas 
adsorption measure the same length scale. The other 11 samples, however, all exhibit much 
lower SSA values (up to 21.3 m2/g) calculated from the neutron scattering data versus gas 
adsorption. There are several explanations for why this could be the case. The first possible 
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explanation is that during sample preparation for the gas adsorption samples, some amount of 
oblique pressure was induced on the sample powders, creating artificial surface area on particles. 
Careful sample preparations were conducted to avoid this, but there is always the risk of 
inducing higher surface area pressures on samples through manual preparation. More likely, the 
higher SSA values of gas adsorption measurements suggests that it is measuring surface area of 
particles that are not naturally adjacent to pore space in unbroken samples. Conceptually, gas 
adsorption is measuring the specific surface area of all of the particles in a rock sample – 
regardless of their adjacency to pore space where fluids could interact with the surface. Because 
neutron scattering measures in-situ SSA, it is reflective of the contrast between pore space and 
rock – identifying only the contrast boundaries at the rock-pore interface. Though interparticle 
pore space is still measured from neutron scattering, non-accessible interparticle boundaries such 
as cemented micro-fractures and grain-grain boundaries may be accessed through crushing the 
samples in preparation for the gas adsorption measurements. The smaller values of SSA in the 
neutron scattering experiments provide evidence for reactive surface area that is available for 
fluid infiltration. When trying to determine surface area important for fluid dynamic processes at 
the nano-micrometer scale, neutron scattering experiments may be more reliable than gas 
adsorption analyses. 
Petrography and Neutron Scattering 
Petrography was performed on the samples to identify visual correlations of pore 
morphology and measurements collected from neutron scattering. The idea here is that pore 
anisotropy illustrated from 2D SANS imaging would link with imaging done on the rock fabric 
at nano- (SEM) and micro- (thin section) scales. For clarity, the following discussion focuses on 
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samples that illustrated anisotropic behavior in 2D SANS imaging (ERM-018-P1, -020, -038, -
043, -047, -081, -088, -098). 
ERM-018-P1, a bioturbated organic matter-bearing foraminifer peloid wackestone, 
retained calcite cemented fractures showing two distinct orientation planes: along bedding planes 
and perpendicular to bedding (Figure 3.6). The organic matter present in these images shows 
peloid-hosted bitumen and stylolites are present reflecting evidence of pressure dissolution 
conditions (Figure 3.10). Clay overgrowths are prevalent throughout the sample as authigenic 
recrystallization, developing secondary planes of weakness. The porosity as calculated from the 
neutron scattering experiment on this sample was fairly high at 19.0%, as compared to 7.1% in 
the corresponding P2 sample. The fissile partings and partially cemented fractures present in the 
cross-sectional view of the rock indicate that there are major weakness planes and likely the 
increased porosity values are overestimations of whole rock behavior and contributed to the 
anisotropic behavior of the pore network along this orientation. The SSA calculated from the 
same experiment was consistent between both bedding plane parallel and perpendicular samples 
(11.0 and 10.0 m2/g, respectively). The increased porosity but similar SSA values indicate that 
though orientation of the sample may influence pore networks, potential reactive surfaces do not 
vary. 
ERM-020, identified visually as a fractured, bioturbated peloidal foram calcareous 
claystone, implies lower porosity percentages due to increased clay content, depending on the 
level of fracture-fill (Figures 3.6 and 3.11). It was noted that there is some open fracture porosity 
visible with imaging, but most were calcite cemented. The high clay content decreases porosity 
as interpreted from neutron scattering experiments (2.5%), and it is likely that the little porosity 
that is retained within the sample is concentrated in the open fractures, leading to the anisotropic 
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signature of the SANS imaging. SSA is low (1.7 m2/g), indicating that the pores contributing to 
the total sample porosity are likely larger (µm-scale) and not exclusively clay-hosted, suggesting 
that fractures are dominating the pore network in this sample. Similar patterns are seen in ERM-
043 and ERM-047, which are bioturbated peloid foraminifer wackestones with low porosity 
(1.6% and 2.8%, respectively) and very low SSA (0.7m2/g and 2.0 m2/g, respectively).  There are 
noticeable bedding plane orientations in both samples marked by compacted peloids. 
ERM-038 is a bioturbated organic matter-rich peloidal silty argillaceous wackestone with 
low porosity (2.5%) and moderate SSA (6.8 m2/g). The SSA value is lower than a typical shale 
sample (~15-30 m2/g), but higher than the average dataset SSA calculated from neutron 
scattering. Preferentially oriented clay minerals explain SSA values, low porosity, and pore 
anisotropy. 
 ERM-081 is a bioturbated organic matter-bearing foraminifer peloid argillaceous 
wackestone which shows evidence of kerogen stringers with surrounding authigenic clay 
minerals and detrital silt-sized grains of quartz and partially altered k-feldspar. Grain dissolution 
and organic matter hosted porosity has led to increased total porosity (6.2%) and variable 
mineralogy has led to a moderate SSA (3.6 m2/g). ERM-088 has similar porosity and SSA values 
(7.6% and 3.5 m2/g, respectively) and is a bioturbated organic matter-bearing argillaceous silty 
peloid wackestone to mud-dominated packstone. This sample shows siliciclastic silt and clay 
with some very fine-grained quartz sand, micrite, and detrital organic matter. Fractures are 
calcite cemented with scattered pyrite crystals. ERM-098 is a bioturbated organic matter-bearing 
calcareous siltstone with scattered fossil fragments and a porosity of 5.4% and SSA of 1.7 m2/g. 
These samples all show moderately anisotropic scattering vectors, associated with their bedding 
plane orientation.  
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Pore Connectivity 
Fifteen rock samples underwent both air cell and contrast matched experimental analyses 
in order to determine connected porosity. The air cell experiments measured all pores in the 
sample, while contrast matched samples only measured pores that were unconnected from the 
pore network. In these dual experiments, East River samples had a total porosity ranging from 
1.6% to 7.6% and connected porosity (pore space available for fluid transport) ranging from 
0.4% - 5.6% (Table 3.8). When compared to total porosity values, four samples had <50% 
connected pores, seven samples have between 50 – 70% connected pores, and the remaining four 
samples have >70% connected pores.  
Table 3.8. Pore connectivity data from neutron scattering contrast matching and dry cell 
experiments  
 
 
Bedding Plane Porosity 
Three neutron scattering experiments were prepared for rocks that had distinguishable 
bedding planes. Thick sections were prepared as bedding plane parallel (P1) and perpendicular 
(P2) samples for ERM-018, ERM-067, and ERM-072. Total porosity for ERM-067 and ERM-
072 were nearly identical across bedding plane orientations, implying that each of these rocks, as 
Unique ID
Total Porosity
(%)
Connected Porosity
(%)
Connected Pores
SSA (m
2
/g)
ERM-001 6.8% 2.8% 1.1
ERM-014 5.2% 2.8% 2.5
ERM-018-P2 7.1% 4.9% 10.6
ERM-043 1.6% 0.4% 0.5
ERM-047 2.8% 1.1% 1.8
ERM-056 5.3% 3.8% 8.1
ERM-067-P2 4.2% 2.5% 6.6
ERM-072-P1 4.2% 2.8% 3.4
ERM-072-P2 4.3% 2.6% 4.6
ERM-080 6.3% 2.6% 2.9
ERM-081 6.2% 3.6% 3.2
ERM-083-P2 7.4% 5.6% 3.5
ERM-088 7.6% 3.9% 2.7
ERM-089 1.9% 1.4% 0.5
ERM-098 5.4% 4.7% 1.4
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a whole, do not have orientation-dependent fluid pathways (Table 3.9). ERM-018, however, has 
a strong porosity-orientation dependence, with 19.0% porosity parallel to bedding planes and 
7.1% perpendicular to bedding planes. This discrepancy in values for ERM-072 implies that 
there are controlling fracture/bedding features that significantly increase the porosity in bedding-
parallel planes, causing preferential fluid movement. These discrepancies controlling hydrologic 
pathways can be critical to chemical weathering rates, depending on the infiltration of fluids into 
the system. Connected porosity was only measured in both orientations for ERM-072, and results 
indicate that there is little variation in the amount of connected pores  
Table 3.9: Bedding plane orientated pore connectivity data from neutron scattering contrast 
matching and dry cell experiments. 
 
 
For all three samples, SSA was measured to be nominally higher in the experiments that 
were conducted perpendicular to bedding planes (1.0 – 3.4 m2/g higher). It is possible that when 
looking down the planar axis of a bedding layer, the neutron beams are measuring SSA on 
elongated clay particles, increasing their values, while measuring cross-sectional diameter of 
clays in the bedding-parallel experiments decreases the SSA values. Depending on the purpose 
of collecting SSA measurements, it may be useful to normalize both directions by particle sizes 
to develop an effective SSA for the rock. Models describing fluid movement in a specific 
direction, however, may find use in the direction-oriented values.  
Unique ID
Total Porosity
(%)
Connected Porosity
(%)
Total SSA
(m
2
/g)
ERM-018-P1 19.0% 10.0
ERM-018-P2 7.1% 4.9% 11.0
ERM-067-P1 4.2% 3.5
ERM-067-P2 4.2% 2.5% 6.9
ERM-072-P1 4.2% 2.8% 3.9
ERM-072-P2 4.3% 2.6% 5.0
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East River Clusters with Microscale features  
Samples in clusters A/X have an average porosity of 3.5% and SSA of 3.8 m2/g (Figure 
3.20a). These samples are concentrated on the northwestern and western stretches of the 
watershed, as well as one sample which is located in the watershed encompassing the Slate River 
to the west (Figure 3.20b). Several of these samples spatially adjoin the Copper Creek Sill which 
forms Copper and White Rock Mountains. Samples in cluster B have an average porosity of 
5.9% and SSA of 5.4 m2/g. These samples spatially cluster near the center of the East River 
section in the study area, concentrated along the watershed corridor between Gothic and 
Snodgrass Mountains. Samples in cluster C, the least thermally altered of the clusters concentrate 
near the southeast section of the watershed and have an average porosity of 6.1% and an SSA of 
3.1 m2/g. Connected porosity of clusters A/X, B, and C are 2.2%, 3.1%, and 3.7%, respectively. 
 
 
Figure 3.20. Cluster maps with neutron scattering data. a) Spatial map of datapoint clusters of 
intrinsic rock properties. b) Porosity and SSA data across the watershed. 
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Clusters A/X have the lowest total porosity and connected porosity calculated from 
neutron scattering of all of the samples, indicating that as the Mancos Shale samples are contact 
metamorphosed, the total porosity and their subsequent connectivity decreases. Though cluster B 
has the highest SSA of the three clusters, it is possible that a facies change towards the southeast 
(as suggested by the increased presence of silt in thin sections) contributes to the lower SSA and 
high total and connected porosity in the cluster C samples. These data support the hypothesis that 
as thermal alteration of the Mancos Shale increases from contact metamorphism, total and 
connected porosity and SSA decrease.  
3.6 Conclusions 
Neutron scattering experiments allow for visual and quantitative representation of pore 
morphology, connectivity of pore networks, and changes in fluid pathways by bedding plane 
orientation. We can evaluate variations in porosity and SSA across the watershed and thermal 
maturities through these neutron scattering methods. 
Spatial hierarchical clustering of samples across the East River Valley watershed is 
consistent with the hypothesis that as thermal alteration increases, total and connected porosity 
and SSA decrease. These decreases will affect the rates of chemical and physical weathering, as 
lower surface areas reduce potential for chemical reactivity and disconnected pore networks 
decrease the rates of fluid infiltration. Results presented here will contribute to the increased 
accuracy of weathering models within the East River Valley watershed and can provide insight 
to predictable changes in the microstructure of shales in similar montane watersheds. Linking 
microstructure pore networks to macroscale weathering rates will provide enhanced integration 
to scale-dependent weathering rates.  
88 
 
CHAPTER 4 
VARIATIONS IN ESSENTIAL ROCK-DERIVED NUTRIENTS FROM A BEDROCK 
SHALE ACROSS A METAMORPHIC GRADIENT  
4.1 Abstract 
Bedrock acts as a source of nitrogen and carbon in soil and water and identifying the 
contribution of rock-derived nutrients is critical to understanding metal and nutrient cycling 
dynamics due to bedrock weathering on a watershed scale. In this study, we analyzed whole rock 
(carbon and nitrogen) and carbonate (carbon and oxygen) isotopic concentrations of variably 
metamorphosed Mancos Shale in order to trace carbon and nitrogen movement during contact 
metamorphism by constraining inputs from mineral dissolution, providing insight into the 
watershed-scale carbon and nitrogen sourcing from bedrock weathering in the East River Valley 
in southwestern Colorado. Results from this study provide evidence that isotopic signatures of 
the Mancos Shale in the East River Valley watershed vary as a function of thermal alteration. 
The most thermally altered regions of the watershed have the lightest δ13C values, evidence for 
the devolatilization of CH4 from shales and CO2 from carbonates in the Mancos. The heaviest 
δ13C values are found in samples where underlying sediments are adjacent to intrusive bodies, 
evidence of upwardly migrated CO2 from devolatilized sediments. δ15N values are complicated, 
showing lighter signatures with increasing metamorphism until reaching the cluster of samples 
indicating the highest level of metamorphism. This pattern suggests that nitrogen isotopic 
fractionation during contact metamorphism needs further exploration. δ18O exhibits a depletion 
trend with increasing metamorphism, indicative of high temperature alteration in contact with 
meteoric waters at the near-surface, agreeing with interpretations of spatial extents of contact 
metamorphism.   
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4.2 Introduction 
Bedrock acts as a source of nitrogen and carbon in soil and water (Drever, 1982; Semhi et 
al., 2000a,b; Gaillardet et al., 1999; Densmore and Bohlke, 2000; Petsch et al., 2000; Holloway 
et al., 2001; Agnelli et al., 2002; Barth et al., 2003; Holloway and Smith, 2005; Zakharova et al., 
2007). Geologic sources of nitrogen and carbon become intermingled with biological and 
anthropogenic sources, enhancing microbial and weathering activity. Parsing out the rock-
derived pool of these nutrients is critical to understanding metal and nutrient cycling dynamics 
due to bedrock weathering on a watershed scale (e.g. Neff et al., 2003; Jin et al., 2013; Dwivedi 
et al., 2018; Houlton et al., 2018; Perakis and Pett-Ridge, 2019). Stable isotopes have long been 
used in the characterization of paleoclimate, but recent studies (e.g. Schulte et al., 2011) have 
noted their use in tracing carbon and nitrogen during rock weathering and nutrient cycling by 
constraining inputs from dissolution of various minerals and rock types.  
The Watershed Function Scientific Focus Area, a collaborative consortium located within 
the East River Valley (ERV) watershed in southwestern Colorado, produces intensive studies in 
how changes in climate and land use will affect future hydrobiogeochemical dynamics in a 
montane zone (Hubbard et al., 2018), and understanding the bedrock derived contributions to 
these cycling dynamics are integral to these predictive models. Within this shale-hosted 
watershed, localized contact metamorphism has altered chemical and physical signatures of the 
bedrock, complicating homogeneous weathering models of the watershed dynamics. 
Characterization of rock-derived contributions of isotopically unique nutrient signatures across 
this metamorphic gradient provides an essential piece of the nutrient cycling system. 
We performed carbon (C), nitrogen (N), and oxygen (O) isotopic analyses on variably 
metamorphosed Mancos Shale samples to measure the relative abundance of stable isotopes of 
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light elements and molecules, providing insight into carbon cycling, diagenetic processes, and 
thermal alteration (McKirdy and Powell, 1974; Ishiwatari et al., 1977; Simoneit et al., 1978; 
Dickson and Coleman, 1980; Freudenthal et al., 2001; Lehmann et al., 2002; Schulte et al., 
2011).  
In this study, we measured the whole rock and carbonate isotopic concentrations, as well 
as the carbon and nitrogen concentrations of variably metamorphosed Mancos Shale, in order to 
provide insight into the carbon and nitrogen sourcing from bedrock weathering in the ERV. 
These values are reported in the context of spatial statistical clustering that was performed on 
intrinsic rock properties within the watershed in order to parameterize and average rock behavior 
across the metamorphic gradient (for more details, refer to Chapter 2).  
4.3 Methodology 
Fifty-four samples were prepared for isotopic analyses. All 54 were analyzed for whole 
rock δ13C and δ15N values, with duplicates of two samples (ERM-011a-b and -012a-b) and 
triplicates of five samples (ERM-047a-c, -050a-c, -094a-c, -098a-c, and -101a-c). Thirty of the 
54 samples were also prepared for δ13C and δ18O of the carbonate partition of the sample 
(referred to as δ13Ccarb and δ18Ocarb). All samples were crushed to <0.2 mm grain size with an 
agate ball mill and measured and packed into Sn capsules. All samples were measured at the 
Earth Systems Stable Isotope Laboratory at the University of Colorado Boulder. 
Whole rock and carbonate aliquots of Mancos Shale samples were analyzed on Thermo 
Fisher elemental analyzers connected to a Delta V gas source, continuous flow stable isotope 
ratio mass spectrometer. The instrument and its peripherals enabled measurement of carbon and 
nitrogen via headspace sampling, on-line combustion and high temperature conversion elemental 
analysis, coupled with continuous flow stable isotope analysis. Data received from the elemental 
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analyzer include weight percent C and N, as well as δ13C and δ15N of organic matter and mineral 
bound elements.  
To measure the carbonate contribution of isotopic values, separate aliquots were 
dissolved with phosphoric acid and measured on a Thermo 253+, a gas source, dual-inlet stable 
isotope ratio mass spectrometer. This dual inlet mass spectrometer is specially designed to 
measure different masses of carbon dioxide at very high precision. This measurement provides 
weight percent CO3, δ13C and δ18O for carbonate minerals, allowing for information on the burial 
history of carbonate rocks. Data for all samples were corrected for instrumental bias with a suit 
of three standards, varying in size and isotopic composition. 
4.4 Results 
Isotopic compositions for δ13C, δ15N, δ13Ccarb, and δ18Ocarb are reported here, along with 
carbon and nitrogen weight percentages (Appendix F). Samples with duplicates and triplicates 
are reported individually (denoted by a, b, and c), but values were averaged to provide a single 
sample composition during interpretation of values. These data are analyzed as a function of 
statistical clustering of intrinsic rock properties and spatial distribution throughout the watershed. 
Bulk Mancos Shale Isotopes 
 δ13C values for the 54 samples collected from the East River Valley Watershed range 
from -28.19 to 7.70‰. Whole rock carbon values measured here that are > -10‰ are well 
defined as values typical of marine carbonates (0 ± 10 ‰) (Planavsky et al., 2014), whereas the 
lighter values (< -10‰) can be explained either as organic carbon (where values range from -40 
to -10 ‰) or as oxidation of carbonaceous matter during metamorphism, which could produce 
residual graphite of depleted carbon isotopic values (Eiler, et al., 1997).  
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δ15N values for the samples range between -22.83 and 4.91‰, with an average of -0.39‰ 
(Appendix F). Nitrogen measured in these samples target either organic nitrogen, in the form of 
marine particulate organic matter, bitumen and kerogen, and terrestrial organic matter, nitrate 
adsorption on clay minerals, or rock-derived nitrogen (Coplen et al., 2002). Sources of nitrate 
adsorption on clay minerals include groundwater, seawater, and precipitation, which have δ15N 
ranges from approximately -9 to > +40‰, -8 to +20‰, and -18 to +19‰ (Coplen et al., 2002). 
Organic nitrogen values from likely sources range from approximately -3 to +48‰ (Coplen et 
al., 2002). Rock-derived nitrogen from either igneous or metamorphic sources range from 
approximately -38 to +31‰ and 0 to +18‰, respectively (Coplen et al., 2002). Though organic 
and inorganic nitrogen contributions were not partitioned in these analyses, we can make 
reasonable interpretations regarding organic nitrogen contributions from TOC values in the 
dataset. For samples with TOC values < 1.5%, 1.5 to 3.5%, and > 3.5%, δ15N averaged 0.42‰, -
1.48‰, and 0.26‰, respectively. Samples with 1.5 to 3.5% TOC had the largest variation in 
d15N, while samples with > 3.5% TOC had the lowest variation in d15N. 
Carbonate Isotopes in the Mancos Shale 
Thirty samples of the carbonate component of the Mancos Shale in the East River Valley 
were analyzed for carbon and oxygen isotopic values. Typical Mancos Shale δ13Ccarb and δ18Ocarb 
values range from ~0 to 5‰ and ~-14 to -4‰, respectively (Pratt, 1985). δ13Ccarb values for the 
East River Valley samples ranged from -3.74 to 0.84‰ with an average of -0.61‰. These 
measurements are consistent with expected values for marine shales (Clark and Fritz, 1997; 
Planavsky et al., 2014), but are lower than literature values for the Mancos in other areas (Pratt, 
1985). δ18Ocarb values ranged from -32.26 to -5.89‰, with an average value of -13.32‰, typical 
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of shales representing the “modern” hydrologic cycle over the past 2.5 billion years (Bindeman 
et al., 2018), but are lower than literature values for the Mancos (Pratt, 1985).  
Calculated Organic δ13C Isotopes 
δ13C isotopic values were calculated from a mass balance equation (Sharp, 2002) utilizing 
TOC, IC, δ13C whole rock, and δ13Ccarb in the following manner: 
δ@;A746< =	
B$(C$)DB+(C+)
B$D	B+
 
Since these samples required carbonate carbon percentages and isotopic values, the 
organic contribution calculated was calculated only for samples with measured carbonate carbon 
concentrations (n=30). Values of δ13C for organic carbon ranged from -25.79 to 4.28‰ and 
averaged -6.29‰.  
Total Carbon and Nitrogen 
Total carbon percentages in the 54 bedrock samples ranged from 0.2 to 20.3%, with an 
average of 5.2%. Total nitrogen weight percentages ranged from 0.01 to 0.16%, with an average 
of 0.08%. TOC values in these same samples ranged from 0.13 to 7.82%, with an average of 
2.76%. Inorganic carbon percentages ranged from 0 – 15.1% in the 30 samples analyzed for 
carbonate isotopes. Carbon/nitrogen ratios were highly variable across the watershed, with ERM-
022 having the maximum C/N ratio of 1230 and ERM-049 with the minimum C/N ratio of 3.  
4.5 Discussion 
The goals of this study were A) to characterize correlations within and across carbon, 
nitrogen, and oxygen isotopic signatures of the Mancos Shale in the East River Valley, and B) 
determine spatial control on each isotopic signature as a function of thermal alteration. These 
goals were developed in order to provide predictive understanding of the contribution of bedrock 
weathering to the carbon and nitrogen cycle of the East River Valley watershed.  
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Controls on Isotopic Signature of East River Valley  
Statistical analyses were run on each of the datasets collected here to determine 
correlations between trends in values (Figure 4.1). Eleven cross plots showed evidence of 
variable dependency, indicated by r2 values greater that 0.2 and p-values < 0.01. Additionally, 
four datasets (δ13C Whole Rock, Total Carbon (%), Carbon/Nitrogen, Inorganic Carbon (%)) 
showed strong correlation to clusters determined by rock property analyses (see Chapter 2).  
The strongest correlation across samples is between total carbon and inorganic carbon 
percentages (Figure 4.2a). This correlation shows that the carbon signature of the samples across 
the watershed is most strongly dominated by a sample’s carbonate signature. Similarly, the 
carbon/nitrogen ratio of each sample is also strongly controlled by carbonate percentage (Figure 
4.2b). Given the significant differences in C/N values between samples with similar organic 
carbon percentages, it is likely that a flux of carbon relative to nitrogen is preferentially 
occurring as a function of location within the watershed (Holloway and Smith, 2005).  
The correlation between total carbon percent in a sample and its organic carbon 
concentration is a bit more complex (Figure 4.2c). Though samples with higher TC typically 
have higher amount of TOC, visually there appears to be two separate trends in the TOC data 
across all clusters. Samples with low IC range in TOC concentrations (up to 4% TOC), but once 
4% TOC is reached, IC percentages increase (Figure 4.2d). C/N values in Clusters B, C, and X, 
are lower than those in Cluster A which have high carbon percent (Figure 4.2e). Data pairs with 
lower statistical correlations (r2 < 0.29) show dominating features within the profiles. The trend 
identified between δ15N and δ18Ocarb is strongly dominated by ERM-048, which has anomalously 
light δ15N  
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Figure 4.1. Graphical and correlative parameters of cross plots for 10 datasets. Red text indicates 
r2 values > 0.2 and/or p-values < 0.01. 
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Figure 4.2. Cross plots of statistically significant dataset correlations with r2 values < 0.45. 
 
values (-22.83‰) (Figure 4.3a). This sample, a calcite vein adjacent to a localized dike, likely 
has strong igneous influences on the nitrogen signature. The same sample (ERM-048) dominates 
the trend for plots of δ13Ccarb and δ18Ocarb (Figure 4.3b). A plot of C/N and δ18Ocarb values shows 
that cluster A has a much different correlation than the rest of the samples, with higher C/N 
values inversely proportional to inorganic δ18Ocarb values (Figure 4.3c). Three different trends 
appear in the C/N versus TN plot (Figure 4.3d). Cluster A shows the steepest decrease in C/N 
with increasing  
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Figure 4.3. Cross plots of statistically significant dataset correlations with r2 values between 0.24 
and 0.29. 
 
TN, cluster B shows a much shallower curve, and clusters C and X show little variance in C/N 
with increasing TN.  
Correlation between total carbon percentages and δ13C whole rock appear to vary for 
each cluster (Figure 4.3e). Nearly all of cluster X samples have low percentages of total carbon 
associated light δ13C values. Samples in this category that do have total carbon percentages 
between 5 and 10% show moderate to light δ13C values. Cluster A has a strongly positive 
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correlation between TC and δ13C of the whole rock, while neither cluster B nor C seem to vary in 
TC by δ13C. Figure 4.3f shows that TN values of samples across clusters A and B positively 
correlate with increasing values of δ18Ocarb, but neither clusters C or X show δ18Ocarb dependency 
on TN. 
Spatial Isotopic Signature 
By spatially plotting isotopic values determined in this study, we are able to evaluate 
spatial patterning in the isotopic signature of the East River Valley watershed (Figure 4.4). The 
lightest δ13C values of whole rock samples are concentrated in the northwestern section of the 
watershed and in the western Slate River catchment – a catchment characterized as hornfels in 
many areas (Gaskill, 1991) (Figure 4.4a). One sample to the southeast (ERM-076) also has an 
extremely light δ13C signature (-23.81‰), but this sample is one of our selected weathered 
samples, indicating that during the weathering process heavier carbon was removed, depleting 
the δ13C signature. This weathered sample is structurally and mineralogically identical to nearby 
sample, ERM-050, with the exception of carbonate retention, which was likely removed during 
this weathering process. These lighter samples found primarily in cluster X show strong evidence 
for high levels of thermal alteration, and it is documented that these light δ13C values (<-11‰), 
particularly that which is found in the organic carbon, is associated with the devolatilization of 
CH4 in shales and CO2 in carbonates (Luque et al., 2012). ERM-049, a sample taken directly 
from a dike offshoot of the main Gothic Mountain intrusion, shows a bulk rock δ13C value of -
23.74‰, which is similar to the average δ13C value of ERM-098, a sample taken from the Slate 
River Mancos Shale (-26.82‰). It is likely that the light δ13C value in ERM-049, though the 
sample itself is a quartz trachyte, is developed from assimilation and subsequent devolatilization 
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of the shale carbon species. These values represent the lightest endmembers of δ13C values in the 
watershed.  
 
 
Figure 4.4. East River Valley watershed maps with isotopic values mapped by cluster. 
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The heaviest δ13C values in the watershed are concentrated in the inner corridor of the 
valley, mostly associated with the floodplain and cluster B (Figure 4.5). ERM-035 and ERM-045 
show the heaviest δ13C signatures in this group at 7.12‰ and 7.70‰, respectively. These 
samples have very high percentages of carbonate minerals (ERM-035: 54%, ERM-045: 87%), 
and are reflective of a marine shale signature, with possible CO2 influx from subsurface 
devolatilization due to their adjacency to underlying intrusive bodies. Marine shale δ13C values 
(approximately -11 – 0‰) are pervasive where the least amount of thermal alteration has 
occurred. 
 
Figure 4.5. Box plots of isotopic values by cluster. 
 
The δ15N signature throughout the valley is much more varied and still shows spatial 
variance (Figures 4.4b and 4.5). Average δ15N values get heavier as thermal alteration decreases 
across clusters A, B, and C (-0.74‰, -1.57‰, and 1.39‰, respectively). Cluster X δ15N values 
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values for igneous fluids, metamorphic rocks, sedimentary basins, and marine particulate matter, 
with little unique significance for parsing out the signatures (Coplen et al., 2002). 
δ13Ccarb values show a similar lack of variation across clusters and whole rock δ15N, with 
clusters A, B, and C showing little variation and hovering around 0‰ (Figure 4.5). Cluster X, 
once again, separates from the rest of the data, with lighter δ13Ccarb values in these highly altered 
samples. Lighter carbonate values follow whole rock δ13C values and concentrate near the 
northwesternmost end of the watershed, with the heaviest values in the center corridor and 
moderate marine values near the southeast, intermingled with a few heavier samples, likely 
attributed to small shifts in depositional environment (Figure 4.4c).  
Values of δ18Ocarb show the most significant spatial variation, with values tying closely to 
clusters averages (Figure 4d). The lightest δ18Ocarb values were towards the northwest and the 
center of the corridor, whereas the heaviest values lie towards the southeast of the watershed. 
The typical δ18Ocarb signature of a marine sedimentary basin is ~15+‰, much heavier than what 
we find incorporated into our carbonate oxygen signature here (Bindeman, 2008; Pommer and 
Sarg, 2019). The strongly negative δ18Ocarb signature in these samples indicates that there was 
meteoric influence on the carbonate precipitation (Bindeman, 2008). These signatures are typical 
of either a) shales that have undergone extremely high temperature burial diagenesis, or b) 
samples have undergone recrystallization at high temperatures, fractionating the δ18Ocarb and 
developing a lighter oxygen profile. The lightest δ18Ocarb values are in clusters A and X, 
indicating that the samples with the highest level of thermal alteration also have the lightest 
δ18Ocarb signatures (Figure 4.5). The heaviest δ18Ocarb values are found in samples that cluster in 
group C. Though it is possible that some of this isotopic signature within clusters is reflective of 
an increase in burial temperature during diagenesis, localized stratigraphy and subsequent 
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diagenetic alterations cannot fully account for the range in δ18Ocarb values across clusters. This 
variation implies a depletion of δ18Ocarb in carbonate materials through the contact 
metamorphism processes evident in the East River Valley watershed. 
Carbon pools in the watershed are strongly tied to their clustering-defining properties. 
Average total carbon percentages decrease from cluster A through B, C, and X (Figure 6). 
Cluster A has the largest range in TC, and cluster C has the smallest, while cluster X shows the 
lowest average TC. TOC in clusters A and B hover just above 3% (3.9% and 3.3%, respectively), 
and clusters C and X are just below 2.5% (1.9% and 2.2%, respectively). Cluster X, however, 
has a fairly large range in TOC values (0.3% - 5.4%), similar to cluster A (0.1% - 7.8%). TIC 
decreases from cluster A to B, C, and X with an average of 9.87%, 1.98%, 0.37%, and 0.21%, 
respectively.  
Carbon/nitrogen values vary widely across cluster A, increasing up to 1230, but are 
relatively low in B, C, and X (10 – 328) (Figure 4.7). The high C/N ratios in cluster A indicates 
an addition of CO2 during emplacement of intrusions where the carbon flux is greater relative to 
a steady, or declining, nitrogen signature (~0.04%). Relatively low TN in clusters A and X also 
indicate a loss of nitrogen associated with metamorphism, confirmed by the highest TN values in 
cluster C, the proxy for unaltered Mancos Shale in the ERV.  
During the process of emplacement and subsequent contact metamorphism, not only is 
there bulk carbon movement into (CO2 from igneous magmas), within (devolatilization of CO2 
and CH4 migrating to overlying beds), and out of (off gassing of CO2 and CH4) the Mancos 
Shale, but also fractionation between the types of carbon (organic versus inorganic). These 
various carbon movements create complicated signatures in the rocks. There is not, however, an 
igneous source of nitrogen, and evidence suggests that nitrogen is removed during 
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metamorphism, creating a net loss of nitrogen during contact metamorphism of the bedrock in 
the watershed. This movement of carbon relative to nitrogen can explain how during 
metamorphic alteration of the bedrock shale, nitrogen isotopes remain fairly unchanged whereas 
carbon isotopic signatures vary widely. We suggest that the highest level of metamorphism 
(Cluster X) depletes the shales of total nitrogen and bedrock δ13C, δ13Ccarb, and δ18Ocarb values 
while enriching bedrock δ15N values. Total carbon and carbonate percentages are highest in 
Clusters A and B, indicating that either: a) carbonate is accumulating in these areas due to 
precipitation of calcite from the underlying off gassed CO2, or b) primary shale lithology 
controls the carbon signature in the valley.  
 
Figure 4.6. Box plots of carbon percentages by cluster. 
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Figure 4.7. Box plots of carbon/nitrogen values by cluster. 
 
4.6 Conclusions 
Isotopic signatures of the Mancos Shale in the East River Valley watershed vary as a 
function of thermal alteration. Carbon isotopes act as a tracer for movement of CH4 and CO2-rich 
fluids into, within, and out of the Mancos Shale. The most thermally altered regions of the 
watershed have the lightest δ13C values, evidence for the devolatilization of CH4 from shales and 
CO2 from carbonates in the Mancos. The inner corridor of the watershed between Gothic 
Mountain and the White Rock Pluton to the east have some of the heaviest δ13C values, likely a 
result of migrated CO2 from devolatilized carbonate in the underlying sediments adjacent to 
intrusive bodies. 
δ15N signatures get heavier with increasing metamorphism. The heaviest δ15N signatures 
associate with the lightest δ13C and δ18Ocarb values in the watershed, while the lightest δ15N 
signatures associate with heaviest δ13Ccarb values and the nearly lightest δ18Ocarb values. This 
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pattern suggests that nitrogen isotopic fractionation during contact metamorphism needs further 
exploration.  
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CHAPTER 5 
GENERAL CONCLUSIONS 
1) Mancos Shale bedrock samples within the East River Valley watershed in southwestern 
Colorado statistically cluster into four groups (A, B, C, and X), that are primarily controlled 
by three principal components as determined by the PCAs. The first principal component is 
dominated by mineralogy, CEC, and carbon concentrations. The second principal component 
was strongly dominated by clay minerals, TN, SA, porosity, and UCS. These two principal 
components explain 67.6% of the variance within the datasets. The third principal component 
was dominated by pyrite, mafic minerals, and TOC and explains an additional 9.1% of the 
variance within the datasets. The samples in each statistical cluster also spatially cluster 
within the watershed, tied to their proximity to igneous intrusions in the valley. 
2) The best indication of metamorphism in the watershed is the presence of augite associated 
with over-matured organic carbons. However, variations in the detrital lithology of the 
Mancos Shale due to shifts in depositional environment may lead to lack of primary 
carbonate minerals, which is thermodynamically prohibitive to the forward reaction of 
dolomite to pyroxene. In the case of this carbonate-depleted variation in lithology, a 
secondary indicator (possibly HI) could be used to determine level of alteration. 
3) Samples which were identified as thermally altered in the watershed cluster statistically 
together and are in closer proximity to the river segments that are more channelized and have 
higher slope gradients and radii of curvature. From this, we infer that rock properties 
developed through thermal alteration of contact metamorphism controls channel morphology 
and river downcutting. 
107 
 
4) Neutron scattering experiments allow for visual and quantitative representation of pore 
morphology, connectivity of pore networks, and changes in fluid pathways by bedding plane 
orientation. Spatial hierarchical clustering of samples across the East River Valley watershed 
is consistent with the hypothesis that as thermal alteration increases, total and connected 
porosity and SSA decrease. These decreases will affect the rates of chemical and physical 
weathering, as lower surface areas reduce potential for chemical reactivity and disconnected 
pore networks decrease the rates of fluid infiltration. Results presented here will contribute to 
the increased accuracy of weathering models within the East River Valley watershed and can 
provide insight to predictable changes in the microstructure of shales in similar montane 
watersheds. 
5) Isotopic signatures of the Mancos Shale in the East River Valley watershed also vary as a 
function of thermal alteration. Carbon isotopes act as a tracer for movement of CH4 and CO2-
rich fluids into, within, and out of the Mancos Shale. The most thermally altered regions of 
the watershed have the lightest δ13C values, evidence for the devolatilization of CH4 from 
shales and CO2 from carbonates in the Mancos. The inner corridor of the watershed between 
Gothic Mountain and the White Rock Pluton to the east have some of the heaviest δ13C 
values, likely a result of migrated CO2 from devolatilized carbonate in the underlying 
sediments which are adjacent to intrusive bodies. 
6) δ15N signatures get heavier with increasing metamorphism, except in our samples which 
spatially indicate the highest level of metamorphism. The heaviest δ15N signatures associate 
with the lightest δ13C and δ18O values in the watershed, but the lightest δ15N signatures 
associate with heaviest δ13Ccarb values and the nearly lightest δ18Ocarb values. This pattern 
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suggests that nitrogen isotopic fractionation during contact metamorphism needs further 
exploration. 
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CHAPTER 6 
SUGGESTIONS FOR FUTURE WORK 
1. Further bedrock sampling of northwest region of watershed, with targeted analyses. 
Determine correlations between highly altered samples and Hydrogen Indices. 
2. Integrating the neutron scattering study with the isotopic data to determine if precipitation of 
off gassed CO2 in the highly metamorphosed samples are cementing in the pore space of the 
overlying shales (e.g. clusters A and B). 
3. Surface water and soil sampling across the East River Valley to develop a comprehensive 
model of carbon and nitrogen sourcing.  
4. Targeted petrographic analyses of these samples (plus more if possible) to determine 
sourcing of the carbon signature across the ERV and whether detrital lithology is more 
important than metamorphic signature. 
5. Targeted isotopic analyses of samples across the clusters with SIMS techniques to evaluate 
the different isotopic signatures of detrital, diagenetic, and metamorphic processes.  
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APPENDIX A 
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